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Abstract
Dams are infrastructure assets of extreme importance; the failure of which can have
catastrophic consequences on adjacent communities. Therefore, it is prudent for authorities
to evaluate the safety of existing dams in seismically active regions. This thesis focuses on
carrying out a reliability analysis of concrete gravity dams under earthquake loads using
an enhanced finite element model. For many years, reliability studies on concrete gravity
dams were performed using a finite element model that considered a massless foundation
and assumed that water is incompressible. Moreover, the design ground motion was applied
without any modification either at the bottom fixed boundary of the foundation domain
or at the dam-foundation-rock interface. As these assumptions do not accurately represent
real-life conditions, investigations incorporating realistic constraints are necessary.
In this study, a finite element model that considers three subdomains is employed -
namely the dam, its foundation domain that includes mass, stiffness, and material damp-
ing, and a fluid domain that includes water compressibility. The interactions between
the different subdomains is also included in the model. The truncated boundaries of the
foundation-rock and fluid domains are modeled using standard viscous-damper bound-
aries. In addition, effective earthquake forces obtained by deconvolving ground motion are
specified at these boundaries. Non-linear time-history analyses are performed using the
developed model by considering uncertainties associated with material data as well as the
aleatoric nature of earthquakes. Fragility curves are then obtained for the limit states -
base sliding, excessive deformation, and tensile cracking at the upstream face and at the
neck - with the goal of using them to assess the risk of the dam under earthquake loads.
The results are compared with that of Sen and Okeil [1]. It is observed that the dif-
ferences in modeling assumptions have a significant impact on the probabilities of failures
for the limit states. The critical limit state in this study was found to be excessive defor-
mation. In contrast, in the study by Sen and Okeil [1], tensile cracking was identified to
be the critical limit state. Among both the studies, the tensile cracking limit state was the
ix
least different. It was also observed that a loss of reservoir control could occur in the event




Concrete gravity dams are important infrastructure assets in many countries, the failure
of which may lead to catastrophic consequences with major social and economic impacts.
The need to evaluate the safety of existing concrete gravity dams in seismically active
regions was first felt following the damage to Koyna Dam in India on December 11, 1967,
when it was subjected to an earthquake with a surface wave magnitude of 6.5 [2]. The design
strategies that were adopted for a number of dams around the world and in the United
States are similar to that of the Koyna Dam, wherein earthquake effects were accounted for
by additional lateral static forces. As a result, the behavior of dams under realistic three-
dimensional earthquake forces was not properly understood. This need is exacerbated by
the fact that according to the ASCE Infrastructure Report Card 2017, nearly 17% of the
dams in the U.S are considered high-hazard potential [3]. Therefore, evaluating the seismic
performance of these structures, especially those located in seismically active zones, is
important.
Traditional design procedures for concrete gravity dams included deterministic ap-
proaches, wherein earthquake forces were considered as static forces along with water pres-
sure and gravity loads. However, the need to consider the dynamic response of dams was
soon realized, and methods were developed to take these dynamic effects into account [4].
In the mid-1980s, these methods were extended to account for dam-reservoir interaction,
dam-foundation interaction, and reservoir bottom absorption [5–7].
In addition to addressing the aforementioned complexities of the dam-foundation-
reservoir system, it is necessary to account for the several uncertainties associated with
this system. These uncertainties are due the inherent variability in material properties
and rock mass profile, modeling inaccuracies, and the aleatoric nature of earthquakes. As
a result, probabilistic seismic risk analysis of dams has emerged as a useful tool in dam
1
safety assessment. In such analyses, fragility analysis is of paramount importance.
1.1. Research Motivation
For many years, dynamic analyses of concrete gravity dams were limited by some
major deficiencies in modeling the dam-water-foundation system. Such deficiencies included
ignoring radiation damping in the semi-unbounded fluid and foundation-rock domains,
assuming a massless foundation, and approximating hydrodynamic effects of water by using
the added mass approach [8]. Such inaccurate modeling has been an obstacle in the
development of probability-based analysis of concrete dams under earthquake excitations.
As a result, reliability studies on concrete dams that adopt enhanced finite element models
addressing this issue is necessary.
In this study, fragility curves are developed for concrete gravity dams taking the ex-
ample of Pine Flat dam. An enhanced 2D finite element model of the dam is developed
accounting for material damping, radiation damping in the foundation-rock, hydrodynamic
effects of water, and dam-water and foundation water-interactions. The developed model
is used to conduct reliability analysis and develop fragility curves. The results are then
compared with those in Sen and Okeil [1] to understand the effect of using the enhanced
model for the fragility analysis.
1.2. Objectives
The principle objectives of the current study are summarized below:
1. To review the analysis procedures that are being used to evaluate the seismic response
of concrete gravity dams.
2. To develop an enhanced model of the dam-water-foundation system by:
• including mass and material damping to the foundation-rock mass.
• applying viscous damper boundaries to simulate the semi-unbounded foundation
and fluid domains.
• deconvolving the earthquake motion at the control point to obtain the effec-
2
tive forces to be applied at the viscous damper boundaries, and applying them
directly at the boundaries.
3. To compare the seismic fragility curves for the Pine Flat dam using the enhanced
model with the results from an earlier study by Sen and Okeil [1].
1.3. Organization of this thesis
This thesis is organized into 5 chapters. A brief description of each chapter is given
below:
Chapter 1 provides a brief introduction to the reliability analysis of concrete gravity
dams under earthquake loads. In addition, the need for the research and the principal
objectives of the work are discussed.
Chapter 2 presents a detailed literature review of the studies on dynamic analysis and
reliability assessment of concrete dams.
Chapter 3 presents the methodology used in this study. It describes the direct finite
element method (DFEM) for the earthquake analysis of concrete gravity dams based on
which the 2D model of the dam is developed in ANSYS Mechanical APDL. It also provides
the procedure adopted for the reliability studies on Pine Flat dam.
Chapter 4 presents the salient results and discussions of this study.




In this chapter, a detailed literature review of various studies on the dynamic analysis of
concrete dams is presented. In addition, various reliability studies that have been conducted
on the earthquake response of concrete dams are also discussed.
2.1. Dynamic analysis of concrete dams
The hydrodynamic effects on dams due to horizontal ground motion during earthquakes
were initially studied by Westergaard in 1933. In this approach, mass was added to repre-
sent the reservoir water assuming it is incompressible [9]. However, this study was limited
to rigid dams with a vertical upstream face. The earliest dynamic finite element analyses of
dams involved earthquake stress analysis in earth dams [10]. These finite element analyses
did not consider the hydrodynamic effects while other studies on hydrodynamic pressures
assumed the dams to be rigid. Subsequently, finite element studies were carried out to
include dam-water and dam-foundation interactions by Chopra et al. [4, 6].
In 1978, Chopra presented a procedure for the earthquake-resistant design of new
concrete dams and for the seismic safety evaluation of existing dams [4]. A two-stage
procedure was put forward for the analysis phase of elastic design and safety evaluation of
concrete gravity dams: (1) response spectrum analysis (RSA) - in which the the response
due to the fundamental vibration mode is estimated directly from the earthquake design
spectrum; and (2) response history analysis (RHA) - in which a finite element analysis of
the dam is performed, and the dynamic response of the dam is studied in order to check
the adequacy of the preliminary design performed using the former (RSA) method. This
study considered dam-water interaction as well as the compressibility of water.
Subsequently, Chopra et al. [6] proposed a general procedure for the seismic analy-
sis of concrete gravity dams to include hydrodynamic and foundation interaction effects.
In the proposed approach, the system was considered to comprise three substructures -
4
the dam which is discretized into finite elements, the fluid domain, and the visco-elastic
half-plane foundation rock represented as continua. It was demonstrated that the fun-
damental frequency of the dam increased when the structure-foundation interaction was
considered, while it decreased when dam-water interaction was considered. The effect of
dam-foundation interaction on the response of the dam was dependent on several factors,
most importantly the ratio of the elastic moduli of the foundation and dam materials
(Ef/Es). The fundamental frequency of the dam decreased with an increase in (Ef/Es).
Also, it was concluded from the earthquake analysis of Pine Flat Dam that the hydrody-
namic effects increased the displacement and stresses of the dam significantly.
In 1984, Fenves and Chopra [5] extended the substructure method of analysis of concrete
gravity dams by taking into account reservoir bottom absorption along with dam-water
interaction and dam-foundation interaction. They showed that reservoir bottom absorp-
tion is an energy radiation mechanism that decreased the earthquake response of concrete
gravity dams. The magnitude of the effect depended on the flexibility of the foundation.
They also demonstrated that dam-water interaction and reservoir bottom absorption had
a more pronounced effect on the response of dams to vertical ground motion than horizon-
tal ground motion. In addition, they emphasized the need to consider the compressibility
of water in the earthquake analysis of concrete gravity dams as an incompressible fluid
failed to represent the effects of dam-water interaction and reservoir bottom absorption.
A computer program, EAGD - 84 was developed to implement this extended analytical
procedure [11]. Subsequently, this simplified procedure was extended to include all the
aforementioned important effects in order to consider them in the preliminary phase of the
design and safety evaluation of concrete gravity dams [7]. A ‘static correction’ was also
included in this method to take into account the response contributions from the higher
modes of vibration.
In 1987, Lotfi et al. [12] developed a novel technique for the seismic analysis of the
dam-water-foundation system considering all interaction effects rigorously. Unlike earlier
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research efforts where reservoir-foundation interaction was simulated using the reservoir
bottom absorption mechanism, this method imposed continuity of stress and displacement
components normal to the fluid-surface interface. This method could also model layered
foundations or a homogeneous one. The method assumed isotropic and linearly viscoelastic
solid substructure and inviscid fluid. The system was subdivided into three regions as shown
in Fig. 2.1. However, the non-linear behavior at the dam-foundation rock interface was not
modeled in this study. It was concluded that the simulation of water-foundation interaction
via absorbing conditions alone may lead to considerable error.
Figure 2.1. Sub-regions of the flexible foundation system considered by Lotfi et al. [12].
Further investigations by Medina and Dominguez [13] in 1989 evaluated the seismic
response of concrete gravity dams considering the dam-water-foundation interaction using
the Boundary Element Method (BEM). This method enabled the easy implementation of
equilibrium and compatibility conditions at fluid-solid interfaces, and also the modeling
of complicated topography of the reservoir bottom. The results obtained using the BEM
were observed to be in good agreement with those obtained by other authors using different
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models [5, 12].
The various earthquake input mechanisms that are used for time-domain analysis of
dam-foundation systems - standard rigid base input model (Model A), the massless foun-
dation input model (Model B), the deconvolved-base rock input model (Model C), and
the free-field dam foundation interface input model (Model D) as shown in Fig. 2.2 were
evaluated by Leger and Boughoufalah [14]. They demonstrated that the rigid base input
model produced unacceptably high amplifications. The deconvolved–base rock model pro-
duced results similar to the free-field input model. The massless foundation model was not
as accurate as the deconvolved–base rock model and the free-field input model but gave
reasonable results while properly modeling energy dissipation in the foundation.
Figure 2.2. Representation of the four proposed input models [14].
Several studies have been performed to estimate the earthquake-induced base displace-
ment of concrete gravity dams. However, the scope of the results was limited because
important factors like dam-foundation interaction and water compressibility were not con-
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sidered. Chavez and Fenvez [15] developed a hybrid frequency-time domain procedure to
study the base sliding at the dam-foundation interface. The analysis procedure took into
account the nonlinear base sliding and the frequency-dependent interaction effects between
the dam and water, and between the dam and foundation rock. The Mohr-Coulomb re-
lationship for frictional resistance was used to model the behavior at the dam-foundation
interface zone. They demonstrated that base sliding does not occur for dams with reser-
voirs less than one-half full. For dams with full reservoirs, base sliding occurred only when
the combination of hydrostatic forces and dynamic forces exceeded the frictional resistance
at the dam-foundation interface. The sliding displacement was observed to be dependent
on the coefficient of friction between the rock and the concrete at the interface.
A number of studies have been carried out to accurately model the semi-unbounded
foundation domain of the dam-reservoir-foundation system. Lysmer and Kuhlemeyer [16]
proposed the famous Lysmer boundary condition in which the absorbing boundaries are
modeled using viscous dampers. A direct finite element (FE) procedure for non-linear dy-
namic analysis of concrete dams was developed by Basu [17] that utilized high performing
perfectly matched layer (PML) [18] to model the absorbing boundary. The effective earth-
quake forces were input using the domain reduction method (DRM) [19]. This procedure
efficiently models the semi-infinite foundation domain. However, as the PML boundary
and DRM procedure are not currently available in most FE codes except LS-DYNA [20],
their implementation has been difficult for researchers and engineers who prefer other FE
codes.
The effect of reservoir length on the seismic performance of gravity dams was studied
by Bayraktar et al. [21]. It was found that a reservoir length of 3H was adequate for
acceptable results, where H represents the height of the dam.
Three-dimensional earthquake analysis of roller-compacted concrete dam was performed
by Kartal [22] considering geometrical, material, and joint non-linearities. Material non-
linearities were taken into account by utilizing bilinear and multi-linear kinematic hardening
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material models. The infinite boundary condition of the foundation rock was simulated us-
ing viscous dampers to necessitate energy absorption, and the static state of the system was
used as the initial condition for the dynamic analysis. It was observed that the principal
stresses were lower than that of linear analysis when material non-linearity was considered.
The significance of employing gravity effect and hydrostatic pressure as initial conditions
and considering the material, geometrical and joint non-linearities in the analysis were
highlighted in this work.
Nonlinear seismic cracking analysis of concrete gravity dams with initial cracks was
performed by Zhang et al. [23] using the extended finite element method. It was observed
that initial cracks are significant for estimating the crack propagation process during the
seismic excitation of the dam.
Sotoudeh et al. [24] studied the effect of considering massed layered foundation on the
seismic response of concrete gravity dam using the domain reduction method and free-
field column method. They found that the assumption of massed layered foundation has
considerable effects on the results compared to the assumption of homogeneous foundation.
It was also concluded that the thickness, material property and the location of the layer
affect the seismic response of the dam.
Mohammadnehzad et al. [25] performed a seismic analysis of dam-foundation-reservoir
systems including massed foundation, radiation damping, and wave propagation effects in
foundation using the commercial finite element software ABAQUS. Two free-field columns
were modeled and attached to the main foundation model through viscous dampers to
simulate the truncated boundaries. Viscous dampers were assigned and the excitation was
applied at the bottom boundary. The results were compared with the substructure method
using EAGD-84 and found to be in good agreement. In addition, a comparison with the
massless foundation model showed that such an assumption significantly overestimates the
dam response compared to a massed-foundation model.
Lokke and Chopra [8] developed the direct finite element method for nonlinear earth-
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quake analysis of concrete dams including dam-water-foundation interaction. They devel-
oped the method for 2-D analysis of concrete gravity dams and 3-D analysis of concrete arch
dams. The procedure applies standard viscous dampers to model the truncated boundaries
of the semi-unbounded fluid and foundation domains and specifies the effective earthquake
forces to be applied at these boundaries obtained from the deconvolution of the control
motion at the surface. The results were compared with the substructure method and were
found to be in good agreement when a sufficiently large foundation domain was used in the
model. The method can also be easily implemented using any commercial finite element
software.
2.2. Reliability analysis of concrete dams
DeArajuo and Awruch [26] conducted one of the earliest known investigations of proba-
bilistic seismic assessment of concrete dams. In their analysis, concrete material properties
and seismic excitation were considered as random variables. The concrete properties were
considered to vary randomly over the spatial domain and the seismic excitations were artifi-
cially generated by considering them as non-stationary stochastic processes. The structural
response of the gravity dam was obtained by conducting finite element analyses, and struc-
tural safety factors were computed for three failure modes (sliding at the dam-foundation
interface, cracking at the heel, and crushing at the toe) of the dam for 50 simulations using
the Monte Carlo method. The cumulative distribution of the safety factor against cracking
at the heel was determined and was observed to correspond to a Gaussian distribution.
Tekie and Ellingwood [27] carried out a seismic fragility assessment of a concrete grav-
ity dam considering the following limit states - material failure of concrete (at the neck
of the dam) in tension or compression, material failure of the foundation (at the toe),
sliding at the dam-foundation interface, and relative displacement of the top of the dam
with respect to the heel. They considered the uncertainties in the engineering parameters
like concrete compressive strength, cohesion, angle of friction, and Rayleigh coefficients
of damping. Concrete compressive strength was modeled as a normal distribution while
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the other random variables as uniform distribution due to the availability of limited infor-
mation. Latin Hypercube sampling technique was used to generate the samples. For the
fragility analysis, twelve finite element models were analyzed at six different seismic levels
for each of the twelve selected earthquake records. It was concluded that an earthquake
with a magnitude of maximum credible earthquake specified by the U.S Army Corps of
Engineers could cause sliding along the dam-foundation interface and tensile cracking at
the neck of the dam.
Lupoi and Callari [28] presented a probabilistic method for the seismic assessment of
existing concrete gravity dams taking into account the dam-foundation-reservoir interac-
tion and the uncertainties related to material properties and seismic excitation. They took
into account the limit states such as excessive deformation of dam body, cracking or sliding
at the dam base, cracking at the dam neck, and cracking at the upstream face. The random
variables considered to model uncertainties associated with structural data included char-
acteristic strength of concrete, geological strength index (GSI) of the foundation rock, the
error term in the drift capacity model, and the error term in the capacity model for tensile
strength of concrete-rock interface. Dynamic analyses were performed for the combination
of 10 ground motion records and three different reservoir levels; totaling 30 simulations.
The analyses were carried out for a peak ground acceleration (PGA) of 0.1g, and the dam
response for higher PGA values was obtained by scaling up the results calculated for PGA
= 0.1g. It was observed that the uncertainties in structural variables had a minor effect on
the system probability of failure but the effect of reservoir water level was significant.
Ghanaat et al. [29] developed seismic fragility curves for concrete gravity dams using
non-linear time-history analyses with the Latin Hypercube sampling technique considering
the failure modes of sliding at the dam-foundation interface and lift joints. The fragility
curves obtained fit quite well with the Weibull probability distribution as shown in Fig. 2.3.
Unlike most previous research efforts that focused on developing seismic fragility anal-
yses, Su et al. [30] proposed a probabilistic method to predict the remaining service life of
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Figure 2.3. Fragility curves for base sliding and neck sliding [29].
aging and deteriorating dams taking into account the correlation among failure modes and
age-related progressive deterioration. The potential failure modes were determined and the
influences of the correlation among failure modes on series, parallel, or series-parallel struc-
ture were discussed. The failure modes were defined for a concrete gravity dam which was
considered as a series system with parallel subsystems. Furthermore, the progressive de-
terioration functions for various random variables were quantified, and a prediction model
was proposed to determine the remaining service life for gravity dam systems.
Rigorous studies on implementing a performance-based earthquake engineering frame-
work in the seismic safety investigation of concrete gravity dams were performed by Hariri-
Ardebili and his team [31–35]. Fragility curves were developed for concrete dams for the
first time using cloud analysis [34] and endurance time analysis (ETA) [31]. Fragility
curves for epistemic uncertainty were computed using the ETA method. Tangential stiff-
ness, normal stiffness, concrete modulus of elasticity, and foundation modulus of elasticity
were considered as random variables. The researchers also implemented multiple strip anal-
yses for the dynamic analysis of concrete dams and obtained a correlation between damage
parameters from linear and non-linear analyses [33].
Bernier et al. [36] evaluated the seismic fragility of the Outardes-3 concrete gravity
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dam in Quebec by considering the limit states of base sliding and neck sliding. The un-
certainty related to the spatial variation of the coefficient of friction was included in the
fragility analysis. Aleatory uncertainties associated with ground motions was considered
by generating a suite of 20 synthetic ground motion time histories (GMTHs) using the
stochastic finite-fault method. Twenty dam samples were randomly paired with a set of
horizontal and vertical ground motions and non-linear analyses were performed at spectral
acceleration intensity levels 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, and 1.1 g. A total of 160 non-
linear time history analyses were carried out. They concluded that the spatial variation of
the angle of friction at the dam-foundation interface did not have significant influence for
low seismic intensity levels.
Segura et al. [37] used the same finite element model as Bernier et al. [36] in order
to carry out a metamodel-based seismic fragility analysis of concrete gravity dams. The
set of ground motions were selected using the generalized conditional intensity measure
(GCIM) approach. In this approach, the intensity measures - vertical spectral acceleration,
horizontal spectral acceleration, and peak ground velocity (PGV) - were considered to
compute the GCIM distribution. This was then utilized to select 250 ground motions. The
polynomial response surface of order 4 was found to be the most viable metamodel for
the base sliding limit state. Multivariate fragility surfaces were generated as a function of
PGV and the model parameters. It was observed that the variability of the concrete-rock
cohesion had the most influence on the fragility surfaces.
Sen and Okeil [1] conducted a risk assessment of concrete gravity dams under earth-
quake loads and developed fragility curves for the limit states of base sliding, tensile cracking
at the upstream face and the neck of the dam, and excessive deformation taking the case
of Pine Flat Dam. A dam-water-foundation system model was developed using the com-
mercial finite element software ANSYS assuming a massless foundation. Latin Hypercube
Sampling was used to evaluate the structural uncertainties and the ground motion data
used were obtained based on the target spectrum of the Pine Flat dam site. In this study,
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the biaxial stress state was considered for developing fragility curves for the tensile cracking
limit states. It was observed that the probability of failure due to tensile cracking was more
probable than due to sliding at the dam-foundation interface.
A summary of various reliability studies on concrete gravity dams is shown in Tables 2.1
and 2.2. It can be observed that most studies assumed massless foundation and ignored
radiation damping for ease of implementation in commercial finite element software. How-
ever, this can result in unrealistic representation of actual conditions. As a result, these
features are included in this study to develop an enhanced finite element model of a dam-
reservoir-foundation system to conduct reliability studies.





























































1 de Araujo & Awruch [26] GD NL × X × X X - - ×
2 Tekie & Ellingwood [27] GD NL X X X X X X X ×
3 Lupoi & Callari [28] GD LE × × X X X X × ×












GD NL X × X X X × × ×
8 Bernier et al. [36] GD NL X × X X X X X ×
9 Segura et al. [37] GD NL X × X X X X X ×
10 Sen & Okeil [1] GD NL X × X X X × × X
11 This study GD NL X × X X X X X X
GD: Gravity dam; NL: Non-linear; LE: Linear elastic;
FSI: Fluid-structure interaction; SSI: Soil-structure interaction.
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Types of response studied
1 MCS 50 50 Random Sliding, cracking, crushing
2 LHS 12 72 IDA
Deflection, sliding, tensile and
compressive stresses
3 MCS 10 30 Random Sliding, deformation, tensile stresses
4 LHS 10 100 IDA Sliding, displacement
5 - 100 100 CLA Displacement, sliding, joint opening
6 - 21 1200 IDA Displacement, sliding, joint opening
7 LHS 1 200 ETA Displacement, sliding, joint opening
8 LHS 20 160 IDA Base sliding, neck sliding
9 LHS 250 250 Metamodel Base sliding
10 LHS 12 432 IDA Deformation, sliding, tensile stresses
11 LHS 12 432 IDA Deformation, sliding, tensile stresses
MCS: Monte-Carlo Simulation; LHS: Latin Hypercube Sampling;
IDA: Incremental dynamic analysis; CLA: Cloud analysis;




This chapter describes the methodology adopted for the present study. The two-
dimensional (2D) FE model of the concrete gravity dam used in this study for the time-
history dynamic analysis under earthquake excitations is based on the direct finite element
method (DFEM) developed by Lokke and Chopra [38]. A brief description of this method
is given in this chapter. Several numerical validations are then presented to verify the
developed model. In addition, the procedure for implementing the reliability analysis on
the developed model is also discussed here.
3.1. Direct finite element method for the earthquake analysis of
concrete gravity dams
Figure 3.1. Dam-water-foundation rock system with semi-unbounded domains [38].
The 2D dam-water-foundation system comprises of three subsystems: the concrete
dam, the foundation-rock, and the fluid domain (Fig. 3.1). The semi-infinite foundation
and fluid domains are truncated by applying viscous damper boundaries. The earthquake
motion is defined at a control point at the surface of the foundation by the horizontal
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component axg(t) and the vertical component a
y
g(t) of the free-field ground acceleration.
As the earthquake motion cannot be directly applied at the viscous damper boundaries,
effective earthquake forces are computed and then applied at the absorbing boundaries.
3.1.1. Governing equations
In the FE modeling of dam-water-foundation system, it is necessary to consider the
dam-foundation domain equations and the fluid domain equations simultaneously.
• Dam-foundation domain
The equation of motion for the dam with the foundation domain bounded by viscous-
dampers (Fig. 3.1) is given by [38]:






where rt is the vector of total displacements, m is the mass matrix, c is the damping
matrix, f(rt) is the vector of internal forces. Rth and R
t
b are the vectors of hydrodynamic
forces acting at the water-foundation interface and dam-water interface respectively. Rst
is the vector of static forces, which includes self-weight, hydrostatic pressure, and static
foundation reactions at Γf ; and R
t
f is the vector of the forces associated with the viscous-
damper boundaries at Γf .
• Fluid domain
The 2D equation of motion for water that is modeled as a linear inviscid, irrotational




where C is the speed of pressure wave and p is the hydrodynamic pressure of water. These
hydrodynamic pressures are related to the accelerations at the fluid-structure interface at
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boundaries Γh and Γb by the boundary conditions [38]:
∇p.nh = −ρnh .̈rth at Γh, (3.3)
∇p.nb + qṗ = −ρnb .̈rtb at Γb, (3.4)
where nh and nb are the outward normal vectors to the fluid at the boundaries Γh and Γb
respectively, r̈th and r̈
t
b are the normal components of total acceleration r̈
t at the boundaries
Γh and Γb respectively, and ρ is the density of water. The second term in Eq. (3.4) is asso-
ciated with the absorption of hydrodynamic wave pressure by reservoir bottom material,





where α is the reservoir bottom reflection coefficient.
The boundary condition at the free-water surface is given by p = 0 when the effects of
surface waves are neglected. Lastly, the absorbing boundary condition Γr is represented by





Eq. (3.2) to Eq. (3.4) and Eq. (3.6) can be discretized to obtain the wave equation in
matrix form as:






r̈t + Htr, (3.7)
where s, b, and h are the mass, damping and stiffness matrices of the fluid, pt is the vector
of total hydrodynamic pressure, and Htr is the vector of forces associated with the absorbing
boundary at Γr. The matrices Qh and Qb relates the hydrodynamic pressure p of the fluid
with the acceleration of the dam r̈t at the dam-water interface Γh and foundation rock -
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bnbNb dΓ at Γb, (3.9)
where Nh and Nh are the matrices of shape functions related to the dam nodes and fluid
nodes respectively, at Γh; and Nb and Nb are the matrices of shape functions related to the
foundation rock nodes and fluid nodes respectively, at Γb.
3.1.2. Dam-water-foundation rock interaction as a scattering problem
In the development of the DFEM, dam-water-foundation rock interaction was consid-
ered as a scattering problem [38] wherein dam disturbs the free-field ground motion in an
auxiliary state of the system. This section describes the aforementioned idea which is later
used to derive the effective earthquake forces at the absorbing viscous damper boundaries.
Consider the water-foundation rock system in free-field state defined as shown in
Fig. 3.2(a). The three sub-domains associated with this system are the region of the foun-
dation interior of the future absorbing condition Γf denoted by Ω
a, the region of the
foundation rock outside Γf denoted by Ω
+
f , and the semi-unbounded prismatic fluid chan-
nel upstream of the future absorbing condition Γr denoted by Ω
+
r . r
a and pa represent the
displacement and the hydrodynamic pressures in this system.
The dam-water-foundation system shown in Fig. 3.2(b) also comprises of three sub-
domains: the dam and the adjacent foundation and fluid regions denoted by Ω and the
semi-unbounded regions of foundation rock and fluid denoted by Ω+f and Ω
+
r , respectively.
The hydrodynamic pressures and the displacements are denoted by the scattered variables
pt − pa in Ω+r and rt − ra in Ω+f . They are defined as scattered variables because they
represent the perturbation of the motion and the pressures caused by the dam in the
auxiliary water-foundation rock system. In the interior region Ω, they are represented by
pt and rt. These variables are used to obtain Rtf at Γf and H
t
r at Γr in Eqs. (3.1) and (3.7),
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respectively.
Figure 3.2. (a) Auxiliary water-foundation system with variables defined by pa in Ω+r and
ra in Ωa ∪ Ω+f ; and (b) dam-water-foundation rock system with variables pt and rt in Ω
and pt − pa in Ω+r and rt − ra in Ω+f (adapted from [8]).
3.1.3. Viscous damper boundary conditions
In this method, the absorbing boundary conditions are enforced by defining a set of
viscous dampers that can absorb waves that impinge perpendicular to the foundation rock
boundaries [16]:
σ + ρfVpu̇ = 0, τ + ρfVsẇ = 0, (3.10)
where σ and τ are the normal and tangential components of traction at the boundaries,
u and w are the normal and tangential components of displacement, ρf is the density
of the foundation, and Vp and Vs are the pressure wave and shear wave velocities of the
foundation medium. Even though the viscous dampers are most efficient to absorb waves
coming perpendicular to the boundary and only absorbs waves impinging at an angle
partially, adequate accuracy can be obtained by ensuring that these boundaries are at
sufficient distance from the wave source [39].
The purpose of the viscous damper boundary is to simulate the semi-unbounded foun-
dation region Ω+ (see Fig. 3.2(b)) in which the displacements were defined by the scattered
variables rt − ra. In Eq. (3.10), u = ut − ua and w = wt − wa. This leads to σ = σt − σa
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and τ = τ t − τa as the foundation in Ω+ is assumed to be linear. Eq. (3.10) becomes:
σt = σa − ρfVp(u̇t − u̇a), (3.11)
τ t = τa − τfVs(ẇt − ẇa). (3.12)
From the above equations, it can be stated that the total tractions on the absorbing
boundaries consists of the free-field traction term and the product of the damper coefficient
and the scattered motion.
Similarly, the viscous damper boundary condition defined for the semi-unbounded fluid








(ṗt − ṗa). (3.13)
In the finite element model, the distributed dampers described in Eqs. (3.11) to (3.13)
can be lumped at the boundary nodes with damping coefficients (see Fig. 3.3) given in the
following equations:
cp =AρVp, normal to the foundation-rock boundary, (3.14)
cs =AρVs, tangential to the foundation-rock boundary, (3.15)
cr =A/C, normal to the fluid boundary, (3.16)
where A is the tributary length (in 2D model) for the boundary nodes. Eqs. (3.11) and












f are nodal vector
forces consistent with the tractions defined in Eqs. (3.11) and (3.12).
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Figure 3.3. Viscous damper coefficients cp and cs at Γf [8].
3.1.4. Equations of motion
The derivation of the final coupled equation of motion for the dam-water-foundation
rock system developed in Lokke and Chopra [38] is described in this section. The separate
equations of motions for the dam-foundation-rock domain and the fluid domain are given
in Eqs. (3.1) and (3.7). The hydrodynamic forces Rth and R
t
b in Eq. (3.1) are expressed in







Substituting the above equations in Eq. (3.1) and combining with Eq. (3.7), we get the


































where the coupling matrices Qh and Qb have non-zero values at the water-foundation-
rock interface (Γh), and water-dam interface (Γb) respectively. The force R
t
f is defined in




r − cr[ṗtr − ṗar ], (3.21)








r , and cr have non-zero values only at the boundary Γr. In order
to further simplify Eq. (3.20), the effects of water-foundation rock interaction are neglected
in Ω+f ∪ Ω+r . This leads to:
raf ≈ r0f and Raf ≈ R0f in the foundation domain Ωa ∪ Ω+f , (3.22)
par ≈ p0r and Har ≈ H0r ≡ 0 in the fluid domain Ω+r , (3.23)
where r0f and R
0
f are the free-field motion and forces at Γf computed by analyzing the
foundation domain alone, and p0r and H
0
r are the free-field hydrodynamic pressure and
forces at Γr computed by analyzing the fluid domain alone with a rigid foundation. The




Γr is zero when a rigid foundation and horizontal reservoir bottom is assumed.
• Final equations of motion
Applying the approximations in Eqs. (3.22) and (3.23) in Eqs. (3.17) and (3.21), respec-
tively and then substituting in Eq. (3.20), we can arrive at the final equations of motion










c + cf 0


























where P0f and P
0
r are the effective earthquake forces at the foundation rock boundary and





f at the foundation rock boundary Γf , (3.25)
P0r = crṗ
0
r at the fluid boundary Γr. (3.26)
3.1.5. Earthquake input method
In this section, the procedure to obtain the effective earthquake forces, P0f and P
0
r to
be applied at the boundaries Γf and Γr, respectively is explained.
The ground motion ag(t) is generally defined at the control point on the ground surface.
The free-field earthquake motions r0f at Γf are determined by 1D deconvolution of the
control ground motion. Deconvolution is an inverse procedure to determine the input
signal at the bedrock to be consistent with the output signal measured at the surface.
In this study, a MATLAB script is written for the deconvolution analysis following the
standard procedure described by Kramer [40]. The input signal is obtained directly by
computing the inverse of the transfer function for a 1D half-space. This transfer function,









where H is the depth of the soil layer, k∗s is the complex wave numbers for the soil layer,











sr are the complex shear wave velocities of
the soil layer and elastic bed-rock respectively. As the above approach uses a linear analysis,
the rock outcrop motion can be obtained from the soil surface motion from Eq. (3.27).
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The deconvolution procedure is described in the following steps [40]:
• The time history of the control ground motion is first represented as a Fourier series
using Fast Fourier Transform.
• The Fourier series is then multiplied by the transfer function to obtain the Fourier
series of the rock outcrop motion.
• The time series of the rock outcrop motion is finally obtained by inverse Fourier
transformation.
3.1.6. Effective earthquake forces at the bottom boundary
Using the method proposed by Joyner and Chen [41], Eq. (3.25) can be simplified at
the bottom boundary as:
P0f = cf ṙ
0
I , (3.29)
where r0I is the motion at the bottom boundary due to the incident seismic waves. The
incident motion r0I is computed as half the bedrock outcrop motion that was obtained
from the deconvolution analysis. The incident motion is computed as one half the outcrop
motion obtained using deconvolution because the incident motion is equal to the reflected
motion at the rock outcrop, which is a stress-free boundary.
• Effective earthquake forces at lateral boundaries
In order to obtain the effective earthquake forces P0f at the side boundaries, a FE
model for the free-field foundation-rock is analyzed. The model includes a single column
of foundation-rock elements with the same mesh density as the main model, with viscous-
damper boundaries applied at the bottom in the x and y directions (see Fig. 3.4(a)). The
developed model is subjected to the effective earthquake forces P0f given by Eq. (3.29) at
the base and analyzed to determine ṙ0f and R
0
f at each nodal point along the height. The
effective earthquake forces at the lateral boundaries are calculated from Eq. (3.25) using ṙ0f
and R0f obtained from the free-field foundation-rock FE model.
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Figure 3.4. Summary of the analysis procedure: (a) Computing ṙ0f and R
0
f by analyzing a
single column of foundation-rock elements; (b) Computing ṗ0r for vertical ground motion
by analyzing a single column of fluid elements; and (c) Applying the effective earthquake
forces to the truncated finite element model (adapted from [8]).
• Effective earthquake forces at the fluid boundary
The effective earthquake forces P0r are obtained by the analysis of a prismatic fluid
channel of depth equal to that of the main model with a rigid foundation rock. P0f is taken
equal to zero for horizontal ground motion as it does not generate hydrodynamic pressure
as the reservoir bottom is horizontal. For the vertical ground motion, the FE model of the
prismatic channel of unit depth is developed and analyzed with forces ρayg at the base as
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shown in Fig. 3.4(b). From this analysis, pressure p0r and its derivatives are determined
and then inserted in Eq. (3.26) to obtain P0r.
3.1.7. Summary of the procedure
The DFEM described above can be implemented to analyze the 2D FE model of dam-
water-foundation rock systems subjected to a free-field ground acceleration defined at a
control point in three major phases:
• Initial static analysis
In this phase, a FE model of the dam-water foundation rock system for static analysis
is developed with the foundation boundaries fixed. The static response due to hydro-static
forces and the self-weight is computed. The initial state of the system and the reactions
from the foundation rock at Γf are recorded.
• Linear analysis of free-field foundation rock and fluid systems
In this phase, the effective earthquake forces P0f and P
0
r are calculated using the method
described in Section 3.1.5.. This step is repeated for each earthquake record while carrying
out the reliability studies described in Section 3.2.. In this study, the effective earthquake
forces P0r from the analysis of free-field fluid systems are ignored as the errors arising due
to this are insignificant [8].
• Non-linear dynamic analysis of dam-water-foundation rock system
The non-linear FE model of the system is developed with viscous damper boundaries at
the truncated boundaries Γf and Γr. The response of the system is calculated by subjecting
it to self-weight, hydro-static pressure, static foundation-rock reactions at Γf , and the
effective earthquake forces P0f and P
0
r applied at the boundaries Γf and Γr respectively
(see Fig. 3.4).
3.1.8. Numerical validations
The direct finite element method is implemented in the commercial finite element
software ANSYS 18.2 [42] in this study. The accuracy of the developed model is validated
in the present section. This is carried out in three steps. Firstly, the ability of the method
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to accurately reproduce the free-field ground motions at the surface is evaluated by ‘the
Flat box test’. The dynamic response of an idealized triangular dam is then computed
and compared with the results obtained from the substructure method in Ref. [8]. Lastly,
the 2D FE model for Pine Flat dam is developed and its dynamic response is computed
and compared with the results from the substructure method. The validated model will be
used in the subsequent chapter to obtain fragility curves for the dam by investigating its
earthquake response.
• Flat box test
In order to carry out the flat box test, the 2D flat foundation box shown in Fig. 3.5(b)
which has a domain size and mesh density similar to the foundation domain of the main FE
model is modeled. Two-dimensional PLANE42 elements are used to model the foundation
elements. Viscous dampers are employed at the bottom and side boundaries using COM-
BIN14 elements by defining the damping coefficients using Eqs. (3.14) and (3.15). The
free-field control motion akg(t) is defined at the surface by the S69E and vertical compo-
nents of the motion recorded at Taft Lincoln School Tunnel during the 1952 Kern County
earthquake. Each component of the control motion is deconvolved using the method dis-
cussed in Sec. 3.1.5. and the effective earthquake forces P0f at the bottom boundary are
evaluated. The free-field foundation column shown in Fig. 3.5(a) is then analyzed to obtain
the effective earthquake forces at the side boundaries. These forces are then applied at the
boundaries of the foundation box and the response of the system is computed.
The results presented in Fig. 3.6 show a close match between the free-field control mo-
tion and the motion at different nodes on the surface of the flat foundation box. This val-
idates the deconvolution procedure. It also demonstrates that the viscous damper bound-
aries are modeled accurately, and the effective earthquake forces are applied correctly at
the boundaries.
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Figure 3.5. 2D FE model of (a) the free-field column; and (b) the flat foundation box.
Figure 3.6. Comparison of free-field (FF) control motion and the motion computed at
various nodes on the surface of the flat foundation box: (a) S69E component; and (b)
Vertical component.
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• Dynamic response of a triangular dam-water-foundation rock system
Next, the 2D FE model of an idealized triangular dam is developed and validated by
comparing with the results obtained from the substructure method in Ref. [8].
The idealized dam has a cross-section shown in Fig. 3.7 and a height H = 120 m. The
concrete and foundation rock are assumed to be homogeneous, isotropic, and linearly elastic
and the water is assumed to be compressible and inviscid. The material properties of the
dam are listed in Table 3.1 A Rayleigh damping of 2% is specified for the dam-foundation
system.
Figure 3.7. FE model of the idealized triangular dam.
The dam and the foundation rock are modeled using 2D PLANE42 elements and the
fluid domain is modeled using FLUID29 elements. The width (on either side of the dam)
and the depth of the foundation-rock domain are 4H and 2.5H, respectively. Such large
domains are necessary to minimize wave reflections from the viscous dampers at the trun-
cated boundaries and were selected based on a parametric study [8]. The dam-water and
water-foundation interactions are specified by defining fluid-structure interaction (FSI) be-
tween the fluid and structural elements at the interfaces using the SF command. Fig. 3.7
shows the FE model developed in Mechanical APDL for the idealized triangular dam.
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Dam 22.4 0.20 2430 -
Foundation 22.4 0.33 2643 -
Reservoir - - 1000 1440
The developed dam-water-foundation rock model is analyzed for the ground motion
akg(t) defined at the surface by the S69E and vertical components of the Taft ground mo-
tion (see Fig. 3.6). This motion is deconvolved to obtain the free-field motion at depth in
the model. Subsequently, the effective earthquake forces P0f at the bottom and the side
boundaries are evaluated using Eq. (3.29) and Eq. (3.25) respectively. The effective earth-
quake forces P0r at the upstream fluid boundary given by Eq. (3.26) are ignored based on
studies in Ref. [8] which concluded that the errors arising due to this are insignificant for
large fluid domain.
The response of the model is computed and compared with the results obtained using
the substructure method in Ref. [8]. Fig. 3.8 shows the relative horizontal displacements
and accelerations at the dam crest when subjected to S69E component and vertical compo-
nent of Taft ground motion separately. It is observed that the results from the developed
model are in close agreement with those from the substructure method.
• Non-linear dynamic response of Pine Flat dam
Lastly, the dynamic response of Pine Flat dam is computed using the direct finite
element method implemented in Mechanical APDL and compared with the results of Ref.
[15] for validation.
Pine Flat concrete gravity dam is a 561 m (1840 ft) long dam comprising of thirty-seven
monoliths located on the Kings River near Fresno, California [43]. The tallest, non-overflow
monolith of the dam has a typical cross section for gravity dams. Fig. 3.9 shows an image
of the Pine Flat dam.
The dam concrete and the reservoir are assumed to have the same material properties
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Figure 3.8. Response of the idealized triangular dam with full reservoir subjected to (a) &
(b) S69E component and (c) & (d) vertical component of Taft ground motion separately.
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Figure 3.9. Pine Flat dam: (a) A view of the Pine Flat dam [44]; (b) Cross-sectional
dimensions of the tallest non-overflow monolith of Pine Flat dam.
Table 3.2. Material properties of the Pine Flat dam model with base sliding
Material property Chavez & Fenves [15] This study
Modulus of elasticity of concrete (GPa) 22.4 22.4
Modulus of elasticity of foundation rock (GPa) 5.6 5.6
Cohesion (MPa) 0 0
Coefficient of friction 1 0.71
listed in Table 3.1. The modulus of elasticity of the foundation rock is considered as 0.25
times the modulus of elasticity and a Rayleigh damping of 5% is specified for the dam
and the foundation rock in order to validate the model with the results in Ref. [15]. Stiff-
ness proportional damping is used because mass proportional damping may cause spurious
damping forces that prevent sliding and overturning of sections above an open crack in
the presence of base sliding along the dam-foundation rock interface [8]. The reservoir
bottom absorption is neglected as its effect on the dynamic response of gravity dams is
negligible [8]. Additional material properties assigned to the model are listed in Table 3.2.
The dam and the foundation-rock are modeled using 239 and 3072 PLANE42 elements,
respectively and the fluid domain is modeled using 859 FLUID29 elements. There are a
total of 4378 nodes. Viscous dampers were applied at the bottom and side boundaries of
the model using COMBIN14 element in ANSYS Mechanical APDL [42] by specifying the
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damping coefficient. The foundation domain size was chosen to have an overall dimension
of approximately 8H × 2.5H based on the studies by Lokke and Chopra [38] to ensure the
effectiveness of the viscous damper boundaries. The reservoir-dam and reservoir-foundation
interactions are specified by defining FSI interface between the fluid and structural elements
at the interfaces.
Modal analysis
Modal analysis is initially carried out to obtain the natural frequencies and the mode
shapes of the dam-reservoir-foundation rock system with full reservoir. Table 3.3 compares
the fundamental frequencies obtained in this study while assuming foundation with mass
and massless foundation with that obtained by Fenves and Chopra [5]. It is observed that
the fundamental frequency is slightly lower when the mass of the foundation is considered.
Table 3.3. Comparison of fundamental frequencies
This study
Fenves & Chopra [5]
Massless foundation Foundation with mass
Frequency (Hz) 2.03 2.05 1.86
The first four natural frequencies of the Pine Flat dam system with full reservoir with
and without considering foundation mass are listed in Table 3.4. The corresponding mode
shapes for the case where foundation mass is considered are shown in Fig. 3.10.
Table 3.4. First four natural frequencies of Pine Flat dam
Frequency (Hz)
Mode






Figure 3.10. Mode shapes for the first four natural frequencies of Pine Flat dam with
foundation mass considered: (a) Mode 1; (b) Mode 2; (c) Mode 3; and Mode 4.
Non-linear analysis
In this study, the non-linear behavior at the dam-foundation rock interface is defined
based on the Coloumb-Mohr friction law using CONTA171 and TARGE169 elements in
ANSYS. The contacting surfaces are capable of bearing shear stress up to a certain capacity
defined in Eq. (3.30) beyond which they start sliding relative to each other. In the defined
contact, the normal compressive stresses are transmitted between the contact elements.
However, when the tensile stress at the contact becomes larger than the tensile strength,
the contact begins to open up.
τlim(t) = σn(t) tan(φ) + c, (3.30)
where τlim(t) and σn(t) are the shear capacity and the normal stress at time t, φ is the
friction angle, and c is the cohesion at the interface.
Fig. 3.11 shows the FE model of the Pine Flat dam developed in ANSYS Mechanical
APDL for the non-linear dynamic analysis. An initial static analysis is conducted with the
outer boundaries of the foundation domain fixed. During this initial step, gravity loads and
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Figure 3.11. FE model of the Pine Flat dam.
hydrostatic pressures were considered. The self-weight was applied by specifying a vertical
acceleration of 9.81 m/s2. The state of the dam and the foundation-rock and the reactions
at the boundaries are recorded to define the initial state of the system before the dynamic
analysis.
The free-field control motion is specified at the surface of the foundation rock by the
S69E component of the Taft ground motion scaled to a PGA of 0.4g. From the control
motion, the effective earthquake forces to be applied at the foundation domain boundaries
are computed by the method described in Section 3.1.5.. The effective earthquake forces
are applied along with the reactions due to the static forces at the boundary nodes.
The response of the model is computed and compared with the results from Ref. [15].
The relative displacement of the crest with respect to the base is plotted in Fig. 3.12(a).
It is observed that the results obtained using the Mechanical APDL model are in good
agreement with those in Ref. [15].
Fig. 3.12(b) compares the base sliding at the dam-foundation rock interface. The small
oscillations in the ANSYS results can be attributed to the differences in modeling adopted
in the two analyses. It was observed from preliminary studies that the oscillations tend to
36
Figure 3.12. Response of the Pine Flat dam with base sliding: (a) Horizontal crest dis-
placement; (b) Base sliding.
be much smaller and insignificant for larger values of base sliding.
Fig. 3.13 and Fig. 3.14 show the maximum principal stress contour plots when it is
critical at the upstream face of the dam and the neck of the dam, respectively.
Fig. 3.15 shows the contour plot of the horizontal displacement when the relative dis-
placement between the crest and the base of the dam is maximum. From the legend, it
is observed that the maximum absolute relative displacement is about 0.11 m (or 11 cm)
which is also represented in the plot in Fig. 3.12(a).
3.2. Reliability analysis
This section describes the methodology adopted in the reliability studies on the Pine
Flat Dam under earthquake loads considering epistemic and aleatory uncertainties. The
choice of random variables and ground motions is made similar to Sen and Okeil [1] for
comparison purposes.
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Figure 3.13. Maximum principal stress contour plot when maximum principal stress is
highest at the upstream of the dam (at t = 6.85 sec) (in Pa)
Figure 3.14. Maximum principal stress contour plot when maximum principal stress is
highest at the neck of the dam (at t = 3.98 sec) (in Pa)
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Figure 3.15. Horizontal displacement contour plot when the relative displacement between
the crest and the base of the dam is maximum (at t = 4.0 sec) (in m)
3.2.1. Epistemic uncertainties
In order to account for the uncertainties associated with the structural and material
model of the dam, the parameters listed in Table 3.5 are modeled as random variables. Some
of these variables have been assumed to follow uniform distribution because of scarcity of
statistical information. The assumption of uniform distribution is due to the fact that it
is the maximum entropy probability distribution when the data has an upper and a lower
bound [36].






Cohesion c (MPa) Uniform L=0.3, U=0.4
Angle of friction φ (◦) Uniform L=35, U=45
Drain efficiency D (%) Uniform L=0, U=100
Concrete modulus of elasticity Ec (GPa) Normal µ=22.4, σ=2.4
Concrete compressive strength f ′c (MPa) Log-normal µ=22.43, σ=2.243
Rock modulus of elasticity Ef (GPa) Uniform L=15.6 , U=29.1
Damping ratio for dam-concrete ζc (%) Uniform L=1, U=2
Damping ratio for foundation-rock ζf (%) Uniform L=1, U=4
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The range of values for cohesion and angle of friction were chosen based on the Geo-
logical Strength Index (GSI). For a rock modulus of elasticity Ef = 22.4 GPa, GSI = 64.
In this study a range of GSI values between 55 and 75 is considered. The recommended
cohesion and angle of friction values are 0.3 MPa - 0.4 MPa and 35◦- 45◦, respectively for
this range [1].
The relation between concrete compressive strength (f ′c) and modulus of elasticity (Ec)




c ≤ 41.1 MPa
and the density of concrete γc is between 1440 kg/m
3 and 2840 kg/m3, the relation between
the modulus of elasticity of concrete and its compressive strength is given by:
Ec = 4730
√
f ′c , (3.31)
where f ′c and Ec are measured in MPa.
From Eq. (3.31), for f ′c = 22.43 MPa, Ec = 22.4 GPa. f
′
c and Ec are assumed to follow
log-normal [46] and normal distributions [47], respectively. A coefficient of variation of
10% was assumed in this study based on Ref. [48]. A correlation coefficient of 0.8 was
assumed between f ′c and Ec.
There is very limited knowledge on the drainage system of Pine Flat dam. As a result,
maximum uncertainty is considered for drain efficiency by assuming a uniform distribution
between 0-100%. The uplift pressure corresponding to 0 and 100% drain efficiency are
shown in Fig. 3.16. For any intermediate drain efficiency, the uplift pressure is considered to
be linearly proportional. The pore-water pressure distribution is assumed to be unchanged
during the earthquake. This assumption was as per the U.S. Army Corps of Engineer’s
manual for concrete dam design [49].
The material damping for the dam-concrete and foundation-rock are also considered as
random variables. Various studies have indicated that damping ratios in the range of 1-2%
for the dam-concrete and 1-4% for the foundation-rock are reasonably good assumptions
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for 3D numerical models [8]. However for 2D models, these values might result in higher
overall damping. Due to the lack of sufficient information, damping ratios in the range of
1-2% for the dam-concrete and 1-4% for the foundation-rock are assumed in this study.
Figure 3.16. Uplift pressures for (a) 0% and (b) 100% drain efficiency (adapted from Sen
& Okeil [1])
• Generation of random variables
Certain investigators have stated that a minimum of 10 simulations is capable of pro-
viding reasonably reliable results for fragility analysis [29]. In the present study, 12 models
of the Pine Flat dam were created, the attributes of which were obtained using Latin Hy-
percube Sampling (LHS) method. In this technique, the range of each random variable is
divided into 12 non-overlapping intervals of equal marginal probability 1/12. An interval is
selected at random and numbers are randomly selected from this interval on the basis of the
distribution. When there are more than a single random variable, then a random selection
of the combination of intervals for each random variable is done. Fig. 3.17 illustrates the
example of LHS for random variables X1 and X2 following uniform and normal distribution
respectively considering 8 non-overlapping intervals.
Before performing LHS, Nataf’s transformation is carried out on correlated variables Ec
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Figure 3.17. Illustration of LHS for two random variables X1 and X2 [31].
Table 3.6. Values for the random variables in the study
Model Ec(GPa) f
′
c(MPa) Ef (GPa) φ(
◦) c(MPa) D(%) ζc(%) ζf (%)
DM-1 21.64 20.23 25.34 42.85 0.31 97.81 1.13 2.35
DM-2 21.24 21.46 21.73 35.13 0.34 11.24 1.38 3.35
DM-3 18.72 19.82 20.71 38.75 0.36 82.22 1.67 2.84
DM-4 25.96 25.26 27.25 44.63 0.38 61.35 1.48 2.16
DM-5 22.98 25.08 18.40 37.38 0.40 88.46 1.18 3.13
DM-6 22.35 21.99 23.68 44.14 0.30 18.62 1.83 1.32
DM-7 25.59 24.61 16.62 41.87 0.37 44.56 1.89 1.78
DM-8 23.16 23.91 19.58 41.00 0.36 5.15 1.60 1.24
DM-9 21.88 23.73 22.81 39.75 0.33 55.83 1.05 3.98
DM-10 22.16 22.53 28.89 40.74 0.32 72.17 1.53 3.59
DM-11 23.08 20.22 17.16 38.02 0.34 34.01 1.30 1.56
DM-12 19.96 19.86 26.79 35.98 0.38 29.53 2.00 2.50
and f ′c, and the variables are then uncorrelated to obtain random variables Y1 and Y2. Then
12 samples are generated for all the random variables using LHS. The samples generated
42
for Y1 and Y2 are re-correlated and transformed back to their corresponding distributions
for Ec and f
′
c.
In order to avoid the presence of physically unrealistic data, the normal distribution
is truncated at µ − 5σ and µ + 5σ. Table 3.6 lists the values for the random variables
considered for different dam models, DM-1 through DM-12.
3.2.2. Aleatory uncertainties
Aleatory uncertainties are accounted for by obtaining the target spectrum based on the
probabilistic seismic hazard analysis of the dam’s site. In this study, the uniform hazard
response spectrum used in Sen and Okeil [1] is adopted and the same ground motions
selected from PEER Strong Ground Motion database [50] are used. Table 3.7 lists the
selected ground motions and Fig. 3.18 shows the response spectra of horizontal and vertical
components of the ground motions.
Figure 3.18. Response spectra of the selected ground motions: (a) Horizontal component;
(b) Vertical component [1].
.
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Table 3.7. Selected ground motions [51]
No. Year Event Station Mw R (km)
1 1966 Parkfield Cholame Shandon Array - 8 6.19 12.9
2 1971 San Fernando LA-Hollywood Stor FF 6.61 22.77
3 1978 Tabas, Iran Boshrooyeh 7.35 24.07
4 1979 Coyote Lake Gilroy Array #4 5.74 4.79
5 1980 Irpinia, Italy Auletta 6.9 9.5
6 1980 Victoria, Mexico Chichuachua 6.33 18.53
7 1980 Mammoth Lakes - 01 Convict Creek 6.06 1.1
8 1983 Coalinga -05 Burnett Construction 5.77 8.3
9 1984 Morgan Hill Gilroy Array #2 6.19 13.7
10 1986 M. Palm Springs Sunnymead 6.06 37.9
11 1989 Loma Prieta Capitola 6.93 8.65
12 1994 Northridge Burbank - Howard Rd. 6.69 16.9
3.2.3. Limit states (LS)
In the case of concrete gravity dams, there are multiple limit states related to structural
failure modes that can be of interest. In this study, four main limit states are considered [1]:
• Sliding at the concrete-rock interface (LS-1)
• Cracking at the upstream face of the dam (LS-2)
• Cracking at the neck of the dam (LS-3)
• Excessive deformation between the base and the crest of the dam (LS-4)
The above limit states are evaluated at progressively more severe damage levels to
study the robustness of the dam performance. The various limit states considered in this
study are shown in Fig. 3.19. They are discussed in detail in the following subsections.
• Sliding at the concrete-rock interface, LS-1
Sliding failure at the concrete-rock interface is one of the significant failure modes in
concrete gravity dams. The contact surface between the dam and the foundation rock is
modeled based on Mohr-Coloumb law given in Eq. (3.30). Based on the studies by Tekkie
and Ellingwood [27] and Bernier et al. [36], three major damage levels listed in Table 3.8
are studied. One of the major consequences of base sliding is the damage to the drain
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Figure 3.19. Limit states
system. This can result in an increase of uplift pressure and thereby an increase in sliding
displacement. A sliding displacement of 2.5 cm can cause moderate damage to the drain
system [36]. A sliding of 5 cm can cause severe damage to the drain system [15]. Finally,
a sliding displacement of 15 cm or more would cause unacceptable differential movement
and a loss of reservoir control [27]. Three fragility curves are developed based on these
limit states [1]:
LS-1a : g(x) = δx − 2.5 cm (3.32)
LS-1b : g(x) = δx − 5.0 cm (3.33)
LS-1c : g(x) = δx − 15.0 cm (3.34)
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Table 3.8. Damage levels in LS-1 [1]




• Tensile cracking at the upstream face of the dam, LS-2
Large earthquakes can result in tensile cracking of concrete in gravity dams. These
cracks may not lead to failure of the dam immediately but they could propagate into the
inner dam body and affect the structural integrity of the dam. In most previous studies,
tensile cracking was investigated in terms of the maximum principal stress σ1. However,
it is well established that the minimum principal stress σ2 can have a significant impact
on the resultant tensile strength of the concrete. Sen and Okeil [1] included the effect
of the accompanying minimum principal stress on the tensile strength of the concrete.
The same has been adopted in this study. In the limit state model, the resistance is
considered as the modified tensile strength, σtu given by Eq. (3.35) which is a function of
the compressive strength f ′c of the concrete and the corresponding compressive stress at any
location, σcu. The equation is based on the calibration of experimental data from literature




0.69 × (1 + 0.85σcu
f ′c
) MPa (3.35)
The limit state function for this failure mode is given by [1]:
LS-2 : g(x) = σmax1u − σtu (3.36)
where σtu is defined in Eq. (3.35) and σ
max
1u is the maximum principal stress at the upstream
of the dam.
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Figure 3.20. Failure envelope in compression-tension for concrete.
• Tensile cracking at the neck of the dam, LS-3
The third limit state considered in this study is the tensile cracking at the neck of the
dam. This limit state was modeled similar to LS-2 by calculating the maximum principal
stress at the neck and comparing it with the modified tensile strength of concrete at this
location using Eq. (3.35). The fragility curves are obtained based on the limit state function
given below:
LS-3 : g(x) = σmax1n − σtu (3.37)
where σmax1n is the maximum principal stress at the neck of the dam.
• Excessive deformation, LS-4
The final limit state considered in this study is excessive deformation in terms of
the relative displacement between the base and the crest of the dam. Excessive relative
displacement can disrupt the service of equipment within the dam body as well as impair
the internal drainage system. The fragility curves for this limit state function are obtained
at two damage levels corresponding to 0.014% and 0.028% of the height of the dam [27].
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The limit state functions for the two damage levels are given in Eqs. (3.38a) and (3.38b).
LS-4a : g(x) = (δtopx − δbtmx )− 1.71 cm (3.38a)
LS-4b : g(x) = (δtopx − δbtmx )− 3.42 cm (3.38b)
where 1.71 cm and 3.42 cm are displacements corresponding to 0.014% and 0.028% of
the height of the dam, respectively and δtopx − δbtmx is the maximum relative displacement
between the base and the crest.
3.2.4. Dynamic analyses
An incremental dynamic analysis (IDA) is carried out to obtain the fragility curves.
In IDA, the structural model is subjected to a series of ground motion records with each
ground motion scaled to a series of intensity levels. In this study, three ground motions
from Table 3.7 were randomly paired with each of the 12 dam models given in Table 3.6.
Dynamic analyses were performed by varying the the intensity levels of the ground motions
from 0.1g to 1.2g in 0.1g increments. This leads to 432 non-linear dynamic analyses. In
this study, both the horizontal and vertical accelerations are scaled to the same intensity
level while performing the incremental dynamic analysis. Fig. 3.21 gives a schematic of the
various combinations of ground motion and dam models adopted for this study.
3.2.5. Fragility assessment
Seismic fragility is defined as the probability of exceedance of a certain limit state(LS)
for specific level of ground motion intensity measure [35]. In this study, the results from
the incremental dynamic analysis are utilized to develop fragility curves for the different
limit states described in Section 3.2.3.. Non-linear analyses are first performed on each dam
model - ground motion combination. This procedure is repeated for spectral acceleration
values at fundamental frequency (Sa(T1)) from 0.1 g to 1.2 g at increments of 0.1 g. The
ratio of the number of samples exceeding a prescribed capacity limit(Nf ) to the total
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Figure 3.21. Schematic of various combinations of dam models and ground motions used
in this analysis.






Fragility curves are then constructed from the obtained (Pf ) values at various ground
motion intensity levels, and a probability distribution is fitted to estimate the fragility
curves. The developed fragility curves are compared with the results from other studies [1]




In this chapter, the results from the incremental dynamic analysis of the Pine Flat
dam are presented. These results are then used to develop fragility curves for the various
limit states mentioned in Sec. 3.2.3. As discussed earlier, a total of 432 non-linear dynamic
analyses covering 12 randomly generated dam models, for which each model was analyzed
for three randomly selected earthquake records at 12 different intensity levels were carried
out.
4.1. LS-1: Sliding at the concrete-rock interface
The maximum sliding displacements obtained from the various analyses corresponding
to the three different sets of ground motions (GM) are shown in Tables A.1-A.3 in Appendix
A. The values shown in the tables are obtained after subtracting the initial static displace-
ment from the maximum static displacement for each intensity level. Fig. 4.1 shows an
example output of base sliding as a function of time from the IDA corresponding to DM-9
subjected to the ground motion M. Palm Springs. The graphs are plotted for Sa intensity
levels from 0.1 g to 1.0 g. The threshold for various damage levels are also plotted in the
figure. It is observed that in this case, moderate damage level is crossed at an intensity
level of 0.5 g, extensive damage level is surpassed at an intensity level of 0.7 g, and major
damage level is crossed at an intensity level of 1.0 g.
Table 4.1. Mean, median, and standard deviation of base sliding at various intensity levels
Sa (T1) 0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
Mean(cm) 0.34 0.68 1.21 2.43 3.73 5.59 7.99 11.22 14.88 19.29 24.29 29.58
Median (cm) 0.28 0.49 0.79 1.49 2.55 3.43 5.32 7.22 9.63 13.72 17.05 21.65
Standard
deviation (cm)
0.21 0.52 0.95 1.88 3.06 4.83 7.13 10.68 13.27 16.98 21.86 25.76
Table 4.1 shows the mean, median and standard deviation of base sliding at various
Sa values for LS-1. It is observed that there was a large scatter in the base sliding values
obtained for different dam models at higher Sa levels. A summary of the number of models
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Figure 4.1. Base sliding at different ground motion intensity levels for DM-9 subjected to
M. Palm Springs. Note: Ma.: Major, Ex.: Extensive, and Mo.: Moderate.
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exceeding the limit states LS-1a, LS-1b, and LS-1c (see Section 3.2.3.) is given in Table 4.2
and the corresponding probabilities of failure in Table 4.3.




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
LS-1a 0 1 3 15 18 22 31 31 32 36 36 36
LS-1b 0 0 0 5 10 17 18 22 27 29 30 35
LS-1c 0 0 0 0 0 4 6 9 15 18 18 19




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
LS-1a 0.00 0.03 0.08 0.42 0.50 0.61 0.86 0.86 0.89 1.00 1.00 1.00
LS-1b 0.00 0.00 0.00 0.14 0.28 0.47 0.50 0.61 0.75 0.81 0.83 0.97
LS-1c 0.00 0.00 0.00 0.00 0.00 0.11 0.17 0.25 0.42 0.50 0.50 0.53
4.2. LS-2: Tensile cracking at the upstream face of the dam
Tensile cracking at the upstream face of the dam is evaluated by obtaining the maximum
principal stress σ1 at this location. It is observed that the maximum value for σ1 at the
upstream face occurs around the neck of the dam. Tables A.4, A.7, and A.10 lists the
values obtained for σ1 for different ground motion intensity levels and dam models.
The minimum principal stress values at this location at the same time are also recorded.
The minimum principal stress is then inserted in Eq. (3.35) to obtain the modified tensile
capacity that accounts for the biaxial stress condition at this location. A comparison of the
uniaxial strength capacity ftu (obtained using Eq. (4.1)) and the minimum biaxial strength
capacity σcu extracted from Table A.6 is shown in Table 4.4. It is observed that the variation
in these values is only about 1-2%. This is in concurrence with the findings in Sen and






Fig. 4.2 shows the variation of the maximum principal stress at the upstream face as a
function of time plotted for DM-9 when subjected to the ground motion M. Palm Springs.
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Table 4.4. A comparison of uniaxial tensile capacity ftu and minimum biaxial tensile









DM-1 20.23 2.39 2.34
DM-2 21.46 2.49 2.43
DM-3 19.82 2.36 2.32
DM-4 25.26 2.79 2.74
DM-5 25.08 2.77 2.73
DM-6 21.99 2.53 2.49
DM-7 24.61 2.74 2.70
DM-8 23.91 2.68 2.65
DM-9 23.73 2.67 2.62
DM-10 22.53 2.57 2.50
DM-11 20.22 2.39 2.33
DM-12 19.86 2.36 2.32
The graphs are plotted for intensity levels from 0.1 g to 1.2 g. The corresponding biaxial
tensile strength σtu as a function of time is also plotted. It is observed from Fig. 4.2 that
the limit state LS-2 is exceeded at intensity levels 0.4 g and higher.
The mean, median and standard deviation of maximum principal stress at the upstream
face of the dam for various Sa values are shown in Table 4.5. Compared to LS-1, the amount
of variation in the values for maximum principal stress at the upstream face obtained for
different dam models was less at various Sa values. Table 4.6 summarizes the number of
models that exceeded the limit state at different ground motion intensity levels and also
the corresponding probabilities of failure.
Table 4.5. Mean, median, and standard deviation of maximum principal stress at the
upstream face for various intensity levels for LS-2
Sa(T1) 0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
Mean (MPa) 0.54 1.49 2.65 4.14 5.20 6.11 7.13 8.09 9.33 10.42 11.45 12.92
Median (MPa) 0.40 1.30 2.33 3.67 4.61 5.38 6.38 7.17 8.21 9.51 10.33 11.77
Standard
deviation (MPa)
0.39 0.57 1.14 2.02 2.47 2.70 2.95 3.12 3.38 3.75 3.86 4.79
53
Figure 4.2. Maximum principal stress at the upstream face for different ground motion
intensity levels in the case of DM-9 subjected to M. Palm Springs
4.3. LS-3: Tensile cracking at the neck of the dam
Calculations for LS-3 are performed similar to LS-2 at the neck of the dam. Tables A.13,
A.16, and A.17 in Appendix A list the values obtained for σ1 for different ground motion
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Table 4.6. Number of cases exceeding the limit state LS-2 and the probability of failure
Sa(T1) (in g) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
No. of failures 0 1 16 29 32 35 36 36 36 36 36 36
Pf 0 0.03 0.44 0.81 0.89 0.97 1.00 1.00 1.00 1.00 1.00 1.00
intensity levels and dam models at this location. These values are compared with the
corresponding tensile strength capacities to check whether the limit state LS-3 (given in
Eq. (3.37)) is exceeded.
Fig. 4.3 shows the variation of the maximum principal stress at the neck of the dam
as a function of time plotted for DM-9 when subjected to the ground motion M. Palm
Springs. The graphs are plotted for spectral acceleration intensity levels from 0.1 g to 1.2 g.
The corresponding biaxial tensile strength σtu as a function of time is also plotted. It is
observed from Fig. 4.2 that the limit state LS-3 is exceeded at intensity levels 0.3 g and
higher.
Table 4.7 presents the mean, median and standard deviation of the maximum principal
stress at the neck of the dam at various Sa for LS-3. The number of models that exceeded
the limit state at different ground motion intensity levels and also the corresponding prob-
abilities of failure are summarized in Table 4.8.
Table 4.7. Mean, median, and standard deviation of the maximum principal stress at the
neck of the dam for various intensity levels for LS-3
Sa(T1) 0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
Mean (MPa) 0.82 2.21 3.69 5.18 6.41 7.50 8.61 10.00 11.20 12.17 13.23 14.18
Median (MPa) 0.72 2.13 3.74 5.36 6.28 7.71 8.77 10.28 10.84 11.37 12.34 12.42
Standard
deviation (MPa)
0.60 0.94 1.40 1.79 1.96 2.19 2.44 2.80 3.18 3.61 4.04 4.47
Table 4.8. Number of cases exceeding the limit state LS-3 and the probability of failure
Sa(T1) (in g) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
No. of failures 0 11 26 33 36 36 36 36 36 36 36 36
Pf 0.00 0.31 0.72 0.92 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Figure 4.3. Maximum principal stress at the neck of the dam for different ground motion
intensity levels in the case of DM-9 subjected to M. Palm Springs.
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4.4. LS-4: Excessive deformation between the base and the crest
of the dam
The maximum relative displacements between the base and the crest of the dam were
also obtained from the incremental dynamic analysis. The relative displacement due to
the initial static loads is subtracted from the maximum values at each intensity level.
Tables A.18, A.19, and A.20 list the obtained values for the three GM sets 1, 2 and 3,
respectively.
The plots of relative displacement as a function of time for the dam model DM-9
subjected to the ground motion M. Palm Springs are shown in Fig. 4.4 and Fig. 4.5. The
graphs are plotted for Sa intensity levels from 0.1 g to 1.2 g. The thresholds for the two
limit states LS-4a and LS-4b are also plotted as DL-1 and DL-2 respectively. It is observed
that both the damage levels are crossed at intensity levels 0.3 g and higher.
Table 4.9. Mean, median, and standard deviation of excessive deformation for various
intensity levels for LS-4
Sa(T1) 0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
Mean (cm) 3.02 5.15 7.19 9.14 10.48 11.48 12.49 14.00 15.57 17.24 18.43 20.63
Median (cm) 2.84 5.05 7.25 9.29 10.37 11.09 11.86 13.05 14.60 15.66 16.67 17.78
Standard
deviation (cm)
1.28 1.95 2.24 2.71 2.95 3.27 3.67 4.34 5.40 6.68 6.87 9.11




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
LS-4a 32 36 36 36 36 36 36 36 36 36 36 36
LS-4b 7 27 36 36 36 36 36 36 36 36 36 36




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
LS-4a 0.89 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
LS-4b 0.19 0.75 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
The mean, median and standard deviation for the excessive deformation between the
base and the crest of the dam are presented in Table 4.9. Table 4.10 summarizes the number
of cases which exceeded the limit states LS-4a and LS-4b given by Eqs. (3.38a) and (3.38b).
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The corresponding probabilities of failure are given in Table 4.11.
Figure 4.4. Relative displacement between the base and crest at different ground motion
intensity levels (0.1 g to 0.6 g) for DM-9 subjected to M. Palm Springs. Note: DL-1: Damage
level-1 (1.71 cm), DL-2: Damage level-2(3.42 cm).
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Figure 4.5. Relative displacement between the base and crest at different ground motion
intensity levels (0.7 g to 1.2 g) for DM-9 subjected to M. Palm Springs. Note: DL-1: Damage
level-1 (1.71 cm), DL-2: Damage level-2(3.42 cm).
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4.5. Fragility curves
The probabilities of failures obtained for different limit states at various ground motion
intensity levels are used to develop fragility curves for these limit states. Normal, log-
normal, and Weibull cumulative distributions are employed to identify the best fitting
curve for the obtained Pf values. The goodness of fit for these curves are compared using
coefficient of determination R2 and root mean square error (RMSE) measures. The best fit
curve will have R2 value closest to 1 and RMSE closest to 0. The cumulative distribution














where µ is the mean value, σ is the standard deviation, and erf is the Gauss error function






















where µ and σ are the parameters of a log-normal distribution.








where α and γ are the shape and the scale parameters of a Weibull distribution.
The fitted fragility curves are presented in Fig. 4.6 through Fig. 4.12 The distribution
parameters are listed in Table 4.12. It can be observed from the fragility curves for LS-4a
and LS-4b (see Fig. 4.11 and Fig. 4.12) that sufficient points are not available for an accurate
curve fitting at lower Sa values. As a result, for a more reliable fit, the incremental dynamic
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analysis would have to be performed at a lower Sa interval.
Table 4.12. Distribution parameters for various limit states
Distribution LS-1a LS-1b LS-1c LS-2 LS-3 LS-4a LS-4b
Normal
µ 0.5107 0.7021 1.0780 0.3217 0.2491 0.0742 0.1565
σ 0.2184 0.3049 0.4041 0.0899 0.0895 0.0211 0.0637
Log-normal
µ -0.7230 -0.4060 0.0722 -1.1520 -1.4240 -2.6460 -1.9210
σ 0.4339 0.4626 0.4764 0.2958 0.3614 0.2800 0.4179
Weibull
γ 2.5190 2.4790 2.8110 3.9190 3.0350 2.2730 2.7570
α 0.5828 0.8021 1.2330 0.3545 0.2800 0.0706 0.1770
Figure 4.6. Fragility curve for LS-1a
Table 4.13. R2 and RMSE values for the curves corresponding to the various limit states
Limit state Normal Log-normal Weibull
R2 RSME R2 RSME R2 RSME
LS-1a 0.9818 0.0581 0.9869 0.0491 0.9847 0.0532
LS-1b 0.9809 0.0524 0.9902 0.0374 0.9865 0.0441
LS-1c 0.9465 0.0535 0.9706 0.0380 0.9554 0.0488
LS-2 0.9940 0.0343 0.9980 0.0197 0.9930 0.0371
LS-3 0.9979 0.0187 0.9996 0.0078 0.9985 0.0160
LS-4a 1.0000 0.0001 1.0000 0.0000 1.0000 0.0000
LS-4b 0.9998 0.0044 0.9982 0.0151 0.9998 0.0044
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Figure 4.7. Fragility curve for LS-1b
Figure 4.8. Fragility curve for LS-1c
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Figure 4.9. Fragility curve for LS-2
Figure 4.10. Fragility curve for LS-3
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Figure 4.11. Fragility curve for LS-4a
Figure 4.12. Fragility curve for LS-4b
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Table 4.13 shows the R2 and RMSE values for the three distributions obtained for each
limit state. It can be observed that all the three distributions have high R2 values and
RSME values close to 0. However, as the log-normal distribution has slightly better values
for most of the limit states, the fragility curves fit using this distribution are used for further
discussions in this study.
4.6. Effect of modeling assumptions on fragility curves
In order to understand the effect of modeling assumptions on the fragility curves, the
results obtained via fragility analysis are compared with the results in Sen and Okeil [1] in
Fig. 4.13 through Fig. 4.19. A comparison of the results from both the studies is summarized
in Table 4.14. Salient differences in the studies, as observed from Table 4.14, is analyzed in
the following subsections.
Table 4.14. Comparison of results with that of [1]











LS-1a 0.24 95.22 0.34 92.19
LS-1b 0.31 80.99 0.54 63.68
LS-1c 0.49 43.98 1.08 2.55
LS-2 0.19 100 0.22 99.38
LS-3 0.13 100 0.12 100
LS-4a 0.04 100 0.07 100
LS-4b 0.07 100 0.26 100
4.6.1. Limit state LS-1
LS-1 is one of the limit states that is greatly impacted by the differences in the modeling
assumptions. From Table 4.14, it is observed that as compared to Sen and Okeil [1] the Sa
values for various failure probabilities are lesser in this study. In particular, the Sa value at
Pf = 5% is about 43% lesser for LS-1a, 73% lesser for LS-1b and less than half the value for
LS-1c. This implies that the dam has higher chance of failure in LS-1 at lower Sa according
to this study. From Table 4.14, it is observed that that the failure probabilities at Sa =
1.0g for LS-1a as predicted by both studies are very close to each other. However, in the
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case of LS-1c, the concerned probabilities are very different. Fig. 4.15 shows the fragility
curves for LS-1c for both the studies. This figure shows that according to this study, that
the loss of reservoir control, which happens when LS-1c is exceeded, is likely for moderate
to strong earthquakes.
Figure 4.13. Comparison of fragility curve for LS-1a with that of Sen & Okeil [1]
4.6.2. Limit states LS-2 and LS-3
For the tensile cracking limit states LS-2 and LS-3, there are similarities between the
results in this study and in Ref [1]. The Sa values at Pf = 5% are similar for both these
limit states, differing by less than 15%. Moreover, both studies predict that the dam would
fail at a Sa of 1.0 g. However, there appears to be major differences in the Pf value predicted
for intensity levels between 0.2g and 0.8g (see Fig. 4.16 and Fig. 4.17).
4.6.3. Limit state LS-4
Apart from LS-1, the other limit state that has been considerably affected is LS-4. It
is observed from Fig. 4.18 that Pf reaches 100% for LS-4a at Sa = 0.15 g in this study. In
contrast, Pf reaches 100% only at Sa = 0.4g in Ref. [1]. From Table 4.14, it is also observed
that in the case of LS-4b, the Sa value at Pf = 5% predicted by this study is less than
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Figure 4.14. Comparison of fragility curve for LS-1b with that of Sen & Okeil [1]
Figure 4.15. Comparison of fragility curve for LS-1c with that of Sen & Okeil [1]
one-third the value predicted in Ref. [1].
The differences in both the studies as demonstrated in Sec. 4.6. could be due to many
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Figure 4.16. Comparison of fragility curve for LS-2 with that of Sen & Okeil [1]
Figure 4.17. Comparison of fragility curve for LS-3 with that of Sen & Okeil [1]
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Figure 4.18. Comparison of fragility curve for LS-4a with that of Sen & Okeil [1]
Figure 4.19. Comparison of fragility curve for LS-4b with that of Sen & Okeil [1]
factors:
• In Sen and Okeil [1], material damping and radiation damping were considered
together. An average material damping ratio of 9.8% was considered in Sen and
Okeil [1] which included 5% damping ratio for the concrete dam. The remaining
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damping ratio was to account for the damping due to dam-water and dam-foundation
interaction. By modeling as such, radiation damping was implicitly assumed to be a
fixed percentage of material damping.
In contrast to Sen and Okeil [1], material damping and radiation damping are consid-
ered separately in this study. Less than 2% material damping was considered for the
dam-concrete, and less than 4% damping for the foundation-rock in this study. Such
low values were considered because the measured overall damping value for Pine Flat
dam is less than 5% [8]. Radiation damping was incorporated in the FE model by
employing viscous dampers at the boundaries of the fluid and foundation domain, and
not as a fixed percentage of material damping. These differences in the way damping
is modeled, as well as the differences in damping values could lead to considerable
dissimilarities in limit state fragility curves, especially that of base sliding (LS-1) and
excessive deformation (LS-4).
• Unlike Ref. [1] which assumed a massless foundation, this study considered a foun-
dation with mass. This assumption could lead us to expect a lower response of the
dam than in Ref. [1], as previous investigations have shown that the assumption of a
massless foundation leads to an overestimation of the dam’s response [8, 25]. How-
ever, this overestimation of the dam’s response is only applicable for a fixed damping
ratio. As mentioned earlier, the damping ratios are lower in this study. This is one
of the factors that explains the higher response of the dam observed in this study.
• A major factor for the differences in the results in both the studies is the way vertical
acceleration was scaled in the incremental dynamic analysis. In the study by Sen
and Okeil [1], the ground motion records were scaled such that the horizontal peak
ground acceleration was 0.1 g, 0.2 g, . . . ,1.2 g. In contrast, in this study, the ver-
tical and horizontal ground motions were considered independently, and their peak
accelerations were separately scaled to the intensity levels 0.1 g, 0.2 g, . . . ,1.2 g. As
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horizontal ground motions are generally more probable to be higher than vertical
ground motions, this method of scaling leads to an overestimation of the earthquake.





Fragility assessment is a significant component in probability-based earthquake engi-
neering. As there is yet to be a universally consistent approach for modeling the dam-
water-foundation system, various approaches give result to differences in fragility curves.
Therefore, it is necessary to understand the influence of modeling assumptions on the
fragility curves.
5.1. Summary
In this study, a 2D finite element model of Pine Flat dam is developed in ANSYS Me-
chanical APDL using the direct finite element method proposed by Lokke and Chopra [8].
This model considered foundation mass and took into account the radiation damping in the
foundation domain. More realistic values for material damping are used. The semi-infinite
fluid and foundation domain of the dam-reservoir-foundation rock system are truncated
using standard viscous damper boundaries. The effective earthquake forces obtained by
deconvolving the ground motion are applied at these boundaries. The developed model is
then used to carry out a reliability assessment by performing an incremental dynamic anal-
ysis. Twelve dam models were developed, the parameters of which were generated using
Latin Hypercube Sampling method. Twelve ground motions were selected and each dam
model was randomly combined with 3 ground motions. The incremental dynamic analysis
was performed for spectral acceleration intensity levels 0.1 g, 0.2 g, . . . ,1.2 g. Thus, a total
of 432 analyses were performed. Using the results of the incremental dynamic analysis,
fragility curves are developed for the limit states - base sliding, tensile cracking at the
upstream face, tensile cracking at the neck, and excessive deformation. The fragility curves
obtained are then compared with those from an earlier study by Sen and Okeil [1] in order
to understand the effect of modeling assumptions.
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5.2. Conclusions
The following conclusions are drawn from this study:
• The cumulative distribution function of Log-normal distributions can accurately rep-
resent the fragility curves for all limit states.
• Considering all limit states, the probability of failure by excessive deformation (LS-4)
is the highest. The spectral accelerations corresponding to 5% probability of failure
for LS-4a and LS-4b are 0.04 g and 0.07 g respectively, while it is more than 0.1 g for
all other limit states. In contrast, the most probable failure mechanism in Ref. [1]
was tensile cracking.
• Ref. [1] predicted that the loss of reservoir control, when base sliding is greater than
or equal to 15 cm, is not likely to occur for a moderate to strong earthquake. However,
this study concluded that this is very likely to occur.
• The tensile cracking limit states LS-2 and LS-3 are the least different among both
studies.
• The differences in the fragility curves obtained in the current study and Sen and
Okeil [1] can be attributed to the variations in the modeling of material and radiation
damping and the foundation mass. A more rigorous modeling has been adopted in
the current study.
• The differences in results obtained in the current study and in the study by Sen and
Okeil [1] may be due to:
– the differences in the way damping was modeled and the differences in the damp-
ing values considered.
– the difference in the way the vertical acceleration records was scaled for the
incremental dynamic analysis in both the studies.
– the differences in the assumptions related to the mass of the foundation.
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5.3. Scope for future work
In the study of dam-reservoir-foundation system, the fluid domain is modeled as a
semi-infinite region. While compressibility of water is found to have significant effect on the
dynamic response of dams, surface wave effects are usually neglected. Studies to understand
the sloshing behavior of fluid near the dam structure are still lacking and is an area yet to be
explored. It is also necessary to carry out studies to understand the effect of uncertainties
associated with reservoir water level on the performance of various limit states. Another
important area to be explored is the use of 3D FE models in the study of concrete gravity
dams. While most studies on concrete gravity dams have been performed on 2D FE models,
it is necessary to understand the effect of this assumption by comparing the responses
obtained from the analysis of 2D and 3D finite element models.
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Appendix.
Results of Incremental Dynamic Analyses
This appendix presents the output that was extracted from the incremental dynamic
analyses for all combinations of dam models and ground motions.
LS-1: Sliding at the concrete-rock interface




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.13 0.47 0.55 0.58 1.14 1.69 2.56 3.05 3.72 4.62 6.36 7.76
DM-2 0.16 0.20 1.28 3.68 6.02 7.82 10.52 17.48 24.63 29.92 35.35 45.78
DM-3 0.04 0.24 0.34 0.47 0.64 0.79 0.98 0.96 1.80 2.75 3.92 4.27
DM-4 0.77 0.84 1.57 2.79 3.84 7.05 8.64 11.04 19.51 22.67 25.73 29.97
DM-5 0.11 0.40 0.52 1.41 1.63 2.04 3.48 5.55 7.00 8.99 10.39 12.36
DM-6 0.23 0.23 0.35 0.48 0.90 0.95 1.40 1.63 1.83 2.74 3.84 5.50
DM-7 0.16 0.45 0.56 0.75 1.55 2.04 2.62 2.51 3.92 5.80 6.96 7.18
DM-8 0.22 0.49 0.52 0.99 1.41 2.38 3.71 4.74 5.82 6.81 8.67 12.26
DM-9 0.25 0.49 0.79 1.88 2.75 3.80 6.13 10.44 14.66 18.35 24.45 27.58
DM-10 0.39 1.13 2.25 4.11 4.84 6.26 9.56 14.53 19.72 26.00 32.99 39.75
DM-11 0.45 0.54 1.81 6.25 10.34 16.63 25.86 43.64 56.76 69.48 87.40 103.1
DM-12 0.64 1.78 3.03 5.51 7.84 10.78 17.09 23.11 29.70 37.92 45.64 49.64
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.12 0.39 0.65 1.09 1.99 2.63 3.02 5.26 7.45 11.78 10.03 12.24
DM-2 0.16 0.50 0.63 1.09 1.61 1.97 2.74 3.50 4.75 5.22 6.47 8.45
DM-3 0.12 0.45 0.81 0.89 1.37 2.94 4.51 5.29 5.78 6.74 6.65 9.92
DM-4 0.64 0.93 2.10 3.52 4.52 5.14 6.14 8.89 12.88 18.74 24.62 36.51
DM-5 0.48 0.76 0.95 1.56 2.74 5.24 8.51 16.77 26.26 32.58 44.76 57.92
DM-6 0.33 0.37 0.82 2.40 3.72 5.28 8.03 8.96 11.82 15.67 23.70 31.13
DM-7 0.34 0.68 1.40 4.41 5.46 7.11 10.21 14.20 18.12 23.69 31.85 39.44
DM-8 0.41 0.51 0.51 0.74 0.99 1.68 2.64 3.42 6.12 6.60 10.21 15.72
DM-9 0.79 2.62 4.30 7.35 11.38 15.18 23.95 38.49 45.01 55.52 78.60 91.75
DM-10 0.50 0.35 0.77 2.72 6.91 12.91 17.63 23.64 28.61 43.85 50.68 62.47
DM-11 0.15 0.40 0.59 0.90 1.15 1.27 1.25 1.52 1.73 3.27 4.37 6.26
DM-12 0.25 0.55 0.60 1.29 1.70 2.13 3.44 4.92 6.07 8.98 9.71 12.96
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.49 0.99 2.41 4.00 4.97 5.84 7.87 11.11 18.32 27.40 32.65 35.57
DM-2 0.43 1.08 2.09 3.25 5.24 8.53 10.61 16.55 25.03 35.50 45.75 53.07
DM-3 0.21 0.83 1.02 1.40 2.37 3.06 4.30 4.81 6.70 6.70 7.71 10.12
DM-4 0.57 0.73 0.79 0.88 1.25 1.97 2.53 2.72 3.30 4.09 4.74 5.39
DM-5 0.81 2.05 3.72 5.49 10.92 18.17 24.72 25.16 27.37 37.01 44.02 54.53
DM-6 0.12 0.34 0.41 0.54 0.59 1.48 2.31 2.34 2.92 3.78 3.83 5.49
DM-7 0.20 0.48 0.77 1.08 1.13 2.10 2.14 1.96 2.25 2.79 3.92 5.47
DM-8 0.47 0.28 1.41 5.67 8.70 15.53 22.68 32.86 38.07 48.92 61.99 73.34
DM-9 0.46 0.33 0.72 3.22 5.66 7.31 9.60 10.53 18.57 26.33 34.13 42.69
DM-10 0.25 0.63 1.05 2.61 3.56 6.69 9.61 13.16 17.68 19.51 25.48 29.92
DM-11 0.31 0.45 0.60 1.22 1.44 2.55 3.57 5.37 6.30 7.42 8.85 9.78
DM-12 0.19 0.44 0.71 1.21 2.02 2.39 3.03 3.94 5.35 6.26 8.15 9.58
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LS-2: Cracking at the upstream face of the dam
For GM set 1, values in Table A.5 are substituted in Eq. (3.35) to obtain the values
in Table A.6. The σ1 values in Table A.4 are then compared with corresponding tensile
strength capacities σtu in Table A.6 so as to check whether the limit states are exceeded as
per Eq. (3.36). The same approach is followed for GM sets 2 and 3.




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.00 0.58 1.12 1.60 1.97 2.25 2.45 2.90 5.07 8.27 10.20 11.00
DM-2 0.33 1.12 2.66 4.81 5.93 7.53 8.56 9.68 10.42 11.86 13.15 16.85
DM-3 0.21 0.99 1.79 2.61 3.42 4.28 5.09 5.83 6.55 7.18 7.83 8.48
DM-4 1.10 2.33 3.32 4.45 5.37 6.47 7.58 8.97 14.01 19.95 24.04 30.07
DM-5 0.22 0.99 1.63 2.42 2.97 3.63 4.30 4.90 5.65 6.82 7.76 8.57
DM-6 0.03 1.14 2.18 3.09 4.75 5.76 6.23 6.53 7.37 8.62 10.12 11.07
DM-7 0.14 0.91 1.59 2.21 2.67 3.08 3.38 3.67 4.60 6.64 8.34 9.01
DM-8 0.29 1.04 1.54 2.07 3.73 5.13 5.79 6.44 7.11 7.98 8.78 9.70
DM-9 0.53 1.64 2.71 3.62 4.64 5.37 6.44 8.58 8.30 9.66 10.82 12.06
DM-10 1.17 2.26 4.97 6.96 8.35 9.77 11.54 12.47 12.79 12.25 12.80 11.97
DM-11 1.14 2.65 5.20 9.32 8.70 8.04 8.31 10.20 15.38 16.40 15.73 12.85
DM-12 0.73 1.84 3.87 3.71 4.95 5.39 6.32 8.08 9.04 9.36 10.40 11.98
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 -0.29 -0.33 -0.22 -0.21 -0.24 -0.26 -0.46 -0.46 -0.52 -0.41 -0.24 -0.01
DM-2 -0.30 -0.31 -0.31 -0.49 -0.48 -0.41 0.12 0.03 -0.14 -0.23 -0.16 -0.57
DM-3 -0.26 -0.29 -0.31 -0.33 -0.34 -0.36 -0.36 -0.36 -0.36 -0.35 -0.36 -0.36
DM-4 -0.35 -0.41 -0.45 -0.24 -0.45 -0.41 -0.35 -0.33 -0.33 0.34 0.18 0.64
DM-5 -0.25 -0.26 -0.39 -0.24 -0.22 -0.20 -0.16 -0.15 -0.01 -0.35 -0.25 -0.16
DM-6 -0.03 -0.31 -0.36 -0.41 -0.46 -0.38 -0.23 -0.13 -0.11 0.02 0.06 0.07
DM-7 -0.30 -0.33 -0.34 -0.36 -0.38 -0.39 -0.42 -0.41 -0.41 -0.11 -0.06 -0.29
DM-8 -0.28 -0.31 -0.34 -0.30 -0.25 -0.27 -0.28 -0.27 -0.27 -0.33 -0.31 -0.35
DM-9 -0.28 -0.31 -0.33 -0.33 -0.45 -0.45 0.00 -0.09 -0.05 -0.09 0.01 -0.22
DM-10 -0.35 -0.41 -0.46 -0.26 -0.09 -0.15 -0.75 -0.09 -0.05 -0.08 -0.15 -0.26
DM-11 -0.37 -0.47 -0.50 -0.20 -0.21 -0.17 0.19 -0.13 -0.10 -0.14 -0.30 -0.53
DM-12 -0.35 -0.41 -0.32 -0.26 -0.33 -0.28 0.00 -0.13 -0.19 -0.33 -0.31 -0.21
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 2.36 2.36 2.37 2.37 2.37 2.36 2.34 2.34 2.34 2.35 2.37 2.39
DM-2 2.46 2.46 2.46 2.44 2.44 2.45 2.50 2.49 2.47 2.47 2.47 2.43
DM-3 2.33 2.33 2.32 2.32 2.32 2.32 2.32 2.32 2.32 2.32 2.32 2.32
DM-4 2.75 2.75 2.74 2.76 2.74 2.75 2.75 2.75 2.75 2.82 2.80 2.84
DM-5 2.75 2.75 2.73 2.75 2.75 2.75 2.76 2.76 2.77 2.74 2.75 2.76
DM-6 2.53 2.50 2.50 2.49 2.49 2.49 2.51 2.52 2.52 2.53 2.54 2.54
DM-7 2.71 2.70 2.70 2.70 2.70 2.70 2.70 2.70 2.70 2.73 2.73 2.71
DM-8 2.66 2.65 2.65 2.65 2.66 2.66 2.66 2.66 2.66 2.65 2.65 2.65
DM-9 2.64 2.64 2.64 2.64 2.62 2.62 2.67 2.66 2.66 2.66 2.67 2.65
DM-10 2.54 2.53 2.53 2.55 2.57 2.56 2.50 2.57 2.57 2.57 2.56 2.55
DM-11 2.35 2.34 2.34 2.37 2.37 2.37 2.41 2.38 2.38 2.37 2.36 2.33
DM-12 2.32 2.32 2.33 2.33 2.33 2.33 2.36 2.35 2.34 2.33 2.33 2.34
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 2.21 4.50 6.68 10.21 11.22 11.12 11.27 11.40 11.45 12.58 12.41 13.42
DM-2 1.44 2.74 4.02 5.20 6.26 7.19 8.25 10.34 11.09 11.39 11.64 12.02
DM-3 1.75 3.35 4.95 6.50 8.14 9.68 10.74 11.12 11.93 13.44 15.17 16.61
DM-4 2.93 5.86 8.81 10.28 11.68 13.47 14.69 15.94 17.30 19.03 22.02 27.06
DM-5 3.72 5.50 7.45 9.87 11.63 12.98 13.60 15.83 17.71 18.60 20.62 22.74
DM-6 3.12 5.05 7.13 8.68 10.68 12.88 14.07 15.37 16.83 17.65 20.17 23.37
DM-7 4.30 6.72 9.42 12.93 12.29 13.12 13.86 14.77 15.25 19.39 19.52 20.70
DM-8 2.71 5.13 7.67 7.96 7.52 7.63 9.49 11.31 12.39 12.67 12.87 13.93
DM-9 7.87 12.49 13.93 16.25 18.31 19.81 24.93 27.76 34.18 41.94 37.10 57.28
DM-10 3.18 6.21 7.73 12.64 18.12 20.91 19.46 18.94 19.61 28.03 33.72 35.80
DM-11 2.67 3.03 4.03 5.07 6.07 6.84 7.49 8.33 9.43 10.32 11.09 11.87
DM-12 2.72 5.05 7.72 10.06 11.02 11.94 12.67 13.29 14.20 15.07 15.17 16.14
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 -0.31 -0.37 -0.43 -0.42 -0.14 -0.03 0.01 -0.28 -0.20 -0.04 -0.05 -0.19
DM-2 -0.21 -0.25 -0.25 -0.27 -0.43 -0.47 -0.50 -0.47 -0.41 -0.13 -0.13 -0.15
DM-3 -0.27 -0.31 -0.33 -0.36 -0.28 -0.29 -0.39 -0.07 -0.01 0.03 -0.13 -0.07
DM-4 -0.18 -0.43 -0.53 -0.38 -0.15 -0.11 -0.15 0.05 -0.11 0.19 0.29 0.13
DM-5 -0.27 -0.30 -0.33 -0.30 -0.16 -0.24 -0.17 -0.14 -0.53 -0.61 -0.46 -0.36
DM-6 -0.28 -0.31 -0.35 -0.40 -0.29 -0.04 -0.23 0.13 -0.14 -0.17 -0.19 0.12
DM-7 -0.30 -0.37 -0.43 -0.16 -0.46 -0.47 -0.42 -0.34 0.01 -0.11 -0.11 -0.19
DM-8 -0.26 -0.27 -0.30 -0.31 -0.27 -0.26 -0.23 -0.25 -0.15 -0.12 -0.20 -0.21
DM-9 -0.36 -0.34 -0.40 -0.01 0.00 0.02 -0.06 0.04 0.25 -0.25 -0.35 -0.23
DM-10 -0.33 -0.41 -0.43 -0.31 -0.17 -0.20 -0.20 -0.22 0.06 -0.29 -0.43 -0.31
DM-11 -0.27 -0.30 -0.32 -0.34 -0.36 -0.36 -0.37 -0.39 -0.43 -0.44 -0.47 -0.45
DM-12 -0.30 -0.33 -0.34 -0.32 -0.27 -0.25 -0.39 -0.36 -0.12 -0.06 -0.19 -0.17
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 2.36 2.35 2.35 2.35 2.38 2.39 2.39 2.36 2.37 2.39 2.38 2.37
DM-2 2.47 2.46 2.46 2.46 2.45 2.44 2.44 2.44 2.45 2.48 2.48 2.47
DM-3 2.33 2.32 2.32 2.32 2.33 2.33 2.32 2.35 2.36 2.36 2.34 2.35
DM-4 2.77 2.74 2.73 2.75 2.77 2.77 2.77 2.79 2.77 2.80 2.81 2.80
DM-5 2.75 2.74 2.74 2.74 2.76 2.75 2.76 2.76 2.72 2.71 2.73 2.74
DM-6 2.50 2.50 2.50 2.49 2.50 2.53 2.51 2.54 2.52 2.51 2.51 2.54
DM-7 2.71 2.70 2.70 2.72 2.69 2.69 2.70 2.70 2.74 2.72 2.73 2.72
DM-8 2.66 2.66 2.65 2.65 2.66 2.66 2.66 2.66 2.67 2.67 2.66 2.66
DM-9 2.63 2.63 2.63 2.67 2.67 2.67 2.66 2.67 2.69 2.64 2.63 2.65
DM-10 2.54 2.53 2.53 2.54 2.56 2.55 2.55 2.55 2.58 2.55 2.53 2.54
DM-11 2.36 2.36 2.36 2.35 2.35 2.35 2.35 2.35 2.35 2.34 2.34 2.34
DM-12 2.33 2.33 2.32 2.33 2.33 2.33 2.32 2.32 2.35 2.35 2.34 2.34
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.93 2.07 3.16 6.26 8.17 10.06 11.95 12.92 12.01 11.88 12.43 11.96
DM-2 0.53 1.62 2.89 3.94 4.58 5.33 9.30 12.59 14.16 14.55 15.26 17.76
DM-3 0.25 1.06 1.87 2.62 2.97 3.30 3.65 4.87 6.40 7.74 9.29 11.58
DM-4 1.18 1.44 2.42 3.28 4.04 4.70 5.17 5.74 6.33 6.91 7.52 8.17
DM-5 0.94 1.74 3.39 5.72 8.16 9.83 11.10 11.15 10.98 11.92 12.23 12.11
DM-6 0.43 1.29 1.91 2.60 3.44 4.31 5.31 5.65 6.39 6.86 7.77 10.12
DM-7 0.37 1.29 2.16 3.42 4.32 6.03 6.49 7.08 7.90 7.72 7.39 8.24
DM-8 1.10 2.28 5.68 9.03 9.34 8.86 11.84 13.81 14.88 14.91 14.84 15.68
DM-9 0.29 1.16 2.04 5.16 6.89 8.22 9.19 9.62 10.39 11.53 15.30 18.79
DM-10 0.71 2.02 3.09 4.32 5.90 7.29 8.84 10.98 11.63 10.28 11.16 12.67
DM-11 0.15 0.87 1.62 2.22 2.75 3.37 3.92 4.57 5.52 6.63 7.53 8.09
DM-12 0.06 0.67 1.18 1.62 1.95 2.41 3.48 5.97 7.89 8.57 9.72 10.91
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 -0.35 -0.40 -0.43 -0.37 -0.19 0.04 0.02 -0.12 -0.10 -0.19 -0.34 -0.08
DM-2 -0.31 -0.38 -0.30 -0.45 -0.41 -0.54 0.06 0.22 0.38 0.17 0.09 0.11
DM-3 -0.30 -0.35 -0.40 -0.44 -0.35 -0.34 -0.35 -0.32 -0.25 -0.18 -0.11 -0.10
DM-4 -0.18 -0.31 -0.33 -0.35 -0.38 -0.42 -0.46 -0.48 -0.50 -0.52 -0.49 -0.48
DM-5 -0.35 -0.39 -0.44 -0.10 -0.30 -0.16 -0.03 -0.52 -0.43 -0.36 -0.15 0.05
DM-6 -0.28 -0.30 -0.32 -0.28 -0.26 -0.26 -0.10 -0.11 -0.40 -0.34 -0.63 0.34
DM-7 -0.29 -0.34 -0.36 -0.24 -0.43 -0.38 -0.29 -0.26 -0.34 -0.44 -0.44 -0.03
DM-8 -0.34 -0.41 -0.15 -0.26 -0.24 -0.15 0.13 -0.22 -0.27 -0.33 -0.49 -0.42
DM-9 -0.28 -0.32 -0.37 -0.49 -0.07 -0.08 0.11 0.11 -0.18 0.09 0.07 0.16
DM-10 -0.29 -0.33 -0.33 -0.43 -0.47 -0.49 0.03 -0.01 0.00 0.20 0.16 0.21
DM-11 -0.30 -0.35 -0.36 -0.38 -0.36 -0.38 -0.39 -0.41 -0.40 -0.36 -0.24 -0.19
DM-12 -0.24 -0.24 -0.24 -0.25 -0.42 -0.45 -0.47 -0.49 -0.35 -0.05 0.02 -0.22
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 2.35 2.35 2.35 2.35 2.37 2.39 2.39 2.38 2.38 2.37 2.36 2.38
DM-2 2.46 2.45 2.46 2.44 2.45 2.44 2.50 2.51 2.53 2.51 2.50 2.50
DM-3 2.33 2.32 2.31 2.31 2.32 2.32 2.32 2.32 2.33 2.34 2.34 2.35
DM-4 2.77 2.76 2.75 2.75 2.75 2.75 2.74 2.74 2.74 2.74 2.74 2.74
DM-5 2.74 2.73 2.73 2.76 2.74 2.76 2.77 2.72 2.73 2.74 2.76 2.78
DM-6 2.50 2.50 2.50 2.50 2.51 2.51 2.52 2.52 2.49 2.50 2.47 2.56
DM-7 2.71 2.70 2.70 2.71 2.69 2.70 2.71 2.71 2.70 2.69 2.69 2.73
DM-8 2.65 2.64 2.67 2.66 2.66 2.67 2.69 2.66 2.66 2.65 2.64 2.64
DM-9 2.64 2.64 2.63 2.62 2.66 2.66 2.68 2.68 2.65 2.68 2.67 2.68
DM-10 2.55 2.54 2.54 2.53 2.53 2.53 2.58 2.57 2.57 2.59 2.59 2.59
DM-11 2.36 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.36 2.37
DM-12 2.34 2.33 2.34 2.33 2.32 2.31 2.31 2.31 2.32 2.35 2.36 2.34
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LS-3: Cracking at the neck of the dam




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.29 1.26 2.19 3.13 4.46 5.90 6.50 7.25 7.66 8.16 11.10 12.30
DM-2 0.66 2.03 3.36 4.66 6.12 7.49 8.71 9.73 10.41 10.51 12.76 15.78
DM-3 0.09 0.88 1.66 2.51 3.46 4.42 5.06 4.81 5.61 6.60 7.89 9.09
DM-4 2.26 2.85 5.12 7.96 10.66 12.91 14.31 14.91 15.00 17.08 19.28 24.12
DM-5 0.78 2.24 3.70 4.71 4.50 4.34 4.87 5.94 7.66 8.69 9.34 9.67
DM-6 0.03 1.25 2.35 3.56 7.19 8.86 10.16 10.46 10.25 10.48 10.93 10.37
DM-7 0.36 1.45 2.80 4.41 5.60 6.48 7.24 8.05 8.81 8.42 8.80 10.83
DM-8 0.22 1.15 2.09 3.12 4.37 5.60 6.85 7.94 8.75 9.11 9.07 10.15
DM-9 0.75 2.14 3.72 5.58 7.53 9.21 10.16 11.20 11.97 12.32 13.10 14.38
DM-10 1.13 3.21 5.49 6.50 7.97 10.15 11.50 12.83 14.15 16.12 17.41 19.55
DM-11 1.14 4.17 6.54 7.52 7.50 7.73 9.02 14.35 18.09 17.54 19.30 20.08
DM-12 1.64 3.22 4.80 5.33 6.11 7.36 7.96 9.93 11.66 11.25 12.31 11.91
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.00 0.07 0.14 0.21 0.30 0.40 0.45 0.50 0.52 0.53 0.73 0.80
DM-2 0.03 0.13 0.23 0.32 0.43 0.53 0.59 0.69 0.74 0.74 0.87 0.91
DM-3 -0.01 0.04 0.10 0.16 0.23 0.30 0.34 0.31 0.36 0.43 0.52 0.60
DM-4 0.14 0.19 0.35 0.55 0.74 0.89 1.00 1.03 1.05 1.16 1.33 1.65
DM-5 0.04 0.14 0.25 0.28 0.30 0.29 0.30 0.41 0.54 0.61 0.65 0.68
DM-6 0.00 0.07 0.15 0.23 0.50 0.62 0.71 0.72 0.70 0.72 0.75 0.71
DM-7 0.01 0.09 0.19 0.30 0.39 0.45 0.50 0.56 0.62 0.59 0.61 0.76
DM-8 0.00 0.06 0.13 0.21 0.30 0.39 0.48 0.56 0.61 0.63 0.63 0.68
DM-9 0.03 0.13 0.25 0.38 0.51 0.62 0.68 0.76 0.82 0.86 0.91 0.97
DM-10 0.06 0.22 0.36 0.42 0.51 0.66 0.73 0.82 0.98 1.12 1.20 1.36
DM-11 0.07 0.04 0.24 0.27 0.52 0.47 0.56 0.93 1.20 1.15 1.36 1.37
DM-12 0.10 0.21 0.34 0.37 0.42 0.49 0.54 0.69 0.80 0.77 0.82 0.80
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 2.39 2.40 2.40 2.41 2.42 2.43 2.43 2.44 2.44 2.44 2.46 2.47
DM-2 2.49 2.50 2.51 2.52 2.53 2.54 2.55 2.56 2.56 2.56 2.57 2.58
DM-3 2.35 2.36 2.37 2.37 2.38 2.39 2.39 2.39 2.39 2.40 2.41 2.42
DM-4 2.80 2.80 2.82 2.84 2.85 2.87 2.88 2.88 2.88 2.89 2.91 2.94
DM-5 2.77 2.78 2.79 2.80 2.80 2.80 2.80 2.81 2.82 2.83 2.83 2.83
DM-6 2.53 2.54 2.55 2.55 2.58 2.59 2.60 2.60 2.60 2.60 2.60 2.60
DM-7 2.74 2.74 2.75 2.76 2.77 2.78 2.78 2.79 2.79 2.79 2.79 2.81
DM-8 2.68 2.69 2.69 2.70 2.71 2.72 2.73 2.73 2.74 2.74 2.74 2.75
DM-9 2.67 2.68 2.69 2.70 2.72 2.73 2.73 2.74 2.75 2.75 2.75 2.76
DM-10 2.58 2.59 2.61 2.61 2.62 2.64 2.64 2.65 2.67 2.68 2.69 2.71
DM-11 2.39 2.39 2.41 2.42 2.44 2.44 2.44 2.48 2.51 2.50 2.52 2.53
DM-12 2.37 2.38 2.39 2.40 2.40 2.41 2.41 2.43 2.44 2.44 2.44 2.44
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.88 2.47 4.17 6.04 7.63 9.27 12.06 13.59 13.84 13.36 13.68 14.32
DM-2 0.15 0.91 1.62 2.39 2.96 3.59 4.98 8.06 9.15 9.84 10.36 10.98
DM-3 0.32 1.34 2.33 3.40 4.88 6.65 8.02 9.09 10.00 10.27 10.44 10.39
DM-4 2.21 3.64 5.43 6.87 8.62 10.03 11.02 11.09 13.85 15.98 19.03 19.80
DM-5 1.09 2.85 4.60 6.46 7.73 8.02 8.83 10.88 16.11 17.55 22.19 24.14
DM-6 0.65 2.01 3.34 4.64 5.89 8.04 8.12 9.32 9.89 11.50 13.77 19.10
DM-7 0.62 1.92 3.46 6.87 5.73 7.47 9.05 10.44 13.09 16.74 15.45 14.41
DM-8 0.71 2.12 3.81 4.75 5.27 5.34 5.59 6.31 7.21 7.74 8.45 9.19
DM-9 1.71 4.48 5.22 7.17 8.95 10.09 10.58 14.67 13.79 15.20 16.20 16.04
DM-10 0.59 2.45 4.10 7.45 8.33 9.52 9.72 11.71 13.58 15.88 17.36 18.98
DM-11 -0.03 0.46 1.12 1.95 2.87 3.85 4.72 5.18 5.92 7.18 7.71 8.48
DM-12 0.70 2.12 4.06 6.25 7.52 9.00 9.94 10.60 10.94 10.48 11.37 11.80
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 0.90 2.78 4.06 5.41 6.66 7.97 9.75 10.72 14.31 18.34 20.01 21.00
DM-2 0.72 2.31 4.67 6.07 7.95 8.73 12.00 15.22 16.82 18.94 19.74 15.99
DM-3 0.62 1.89 3.75 5.42 6.17 7.25 8.38 9.29 6.40 7.74 10.49 11.39
DM-4 2.22 2.23 2.24 2.45 4.04 4.44 5.65 6.93 8.01 8.37 8.62 8.93
DM-5 1.43 3.73 3.39 5.39 8.06 8.94 10.17 13.34 13.02 12.78 11.55 11.19
DM-6 0.18 1.03 1.89 2.98 4.63 6.53 8.36 10.13 11.50 12.19 12.36 12.54
DM-7 1.00 2.68 4.61 7.10 8.40 8.81 9.94 10.51 10.75 10.44 10.68 11.71
DM-8 0.83 2.04 7.06 8.61 8.56 8.34 10.61 11.14 14.17 13.22 13.39 14.32
DM-9 0.68 2.06 3.42 4.73 6.38 7.70 8.34 9.28 10.53 14.63 17.06 20.28
DM-10 1.07 2.84 4.81 7.16 9.46 10.67 11.55 12.08 13.41 15.03 15.34 15.61
DM-11 0.80 2.28 3.81 4.85 4.49 4.37 4.78 6.03 7.71 8.67 9.17 9.67
DM-12 0.29 1.22 2.03 2.99 3.95 4.85 5.47 6.87 9.36 9.92 10.66 11.95
91
LS-4: Excessive deformation between the base and the crest of
the dam




0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 1.63 3.09 4.60 6.12 7.52 8.72 9.51 9.84 10.37 11.61 12.80 13.37
DM-2 2.59 4.85 6.71 8.14 9.21 11.05 12.84 14.24 15.23 15.87 16.62 26.38
DM-3 1.65 3.04 4.50 5.97 7.38 8.70 9.50 9.94 11.53 12.09 12.58 13.53
DM-4 2.89 5.40 7.37 8.93 10.95 12.59 13.26 13.63 19.05 20.64 24.39 24.54
DM-5 2.78 5.28 7.79 9.74 9.10 8.66 9.25 12.60 14.59 15.89 16.89 17.74
DM-6 1.94 3.35 5.32 7.61 10.04 11.12 12.28 13.41 14.97 15.85 17.61 18.44
DM-7 2.38 3.95 5.73 7.49 9.14 9.75 9.83 10.30 11.49 12.94 14.61 15.87
DM-8 2.24 3.42 4.85 6.28 8.01 9.04 9.43 9.82 10.43 11.17 11.96 13.00
DM-9 2.98 4.78 6.83 7.81 8.82 9.65 9.93 10.95 11.92 13.21 13.26 13.83
DM-10 3.94 6.79 8.96 10.89 12.90 14.89 17.10 18.77 21.78 23.87 24.60 25.60
DM-11 4.90 7.37 11.48 14.75 14.78 15.34 16.36 22.54 27.89 30.22 32.82 32.22
DM-12 6.16 9.44 11.24 11.88 13.25 14.27 14.65 15.98 16.76 17.98 19.33 19.33
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 2.21 4.50 6.68 10.21 11.22 11.12 11.27 11.40 11.45 12.58 12.41 13.42
DM-2 1.44 2.74 4.02 5.20 6.26 7.19 8.25 10.34 11.09 11.39 11.64 12.02
DM-3 1.75 3.35 4.95 6.50 8.14 9.68 10.74 11.12 11.93 13.44 15.17 16.61
DM-4 2.93 5.86 8.81 10.28 11.68 13.47 14.69 15.94 17.30 19.03 22.02 27.06
DM-5 3.72 5.50 7.45 9.87 11.63 12.98 13.60 15.83 17.71 18.60 20.62 22.74
DM-6 3.12 5.05 7.13 8.68 10.68 12.88 14.07 15.37 16.83 17.65 20.17 23.37
DM-7 4.30 6.72 9.42 12.93 12.29 13.12 13.86 14.77 15.25 19.39 19.52 20.70
DM-8 2.71 5.13 7.67 7.96 7.52 7.63 9.49 11.31 12.39 12.67 12.87 13.93
DM-9 7.87 12.49 13.93 16.25 18.31 19.81 24.93 27.76 34.18 41.94 37.10 57.28
DM-10 3.18 6.21 7.73 12.64 18.12 20.91 19.46 18.94 19.61 28.03 33.72 35.80
DM-11 2.67 3.03 4.03 5.07 6.07 6.84 7.49 8.33 9.43 10.32 11.09 11.87
DM-12 2.72 5.05 7.72 10.06 11.02 11.94 12.67 13.29 14.20 15.07 15.17 16.14
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0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g 1.1g 1.2g
DM-1 3.18 6.21 7.90 10.58 12.62 14.46 16.61 19.04 22.78 25.63 27.04 29.00
DM-2 3.33 6.37 9.25 9.38 11.21 12.14 13.38 15.24 17.85 18.07 21.66 26.28
DM-3 2.45 4.69 7.01 9.23 10.82 10.92 11.44 12.81 14.23 15.70 16.52 18.47
DM-4 1.28 2.50 3.84 5.16 6.78 7.91 8.02 9.07 10.10 11.03 11.92 12.82
DM-5 2.89 5.59 8.01 10.69 13.45 15.64 16.66 18.45 14.65 15.23 16.79 17.81
DM-6 2.05 3.15 4.56 6.01 7.57 9.02 10.98 11.72 11.90 12.28 12.91 14.88
DM-7 2.83 4.86 7.03 9.34 9.21 8.91 9.07 10.08 11.18 12.27 13.12 14.02
DM-8 4.23 6.14 9.14 13.34 13.90 13.72 16.32 22.43 25.35 27.89 31.69 33.76
DM-9 3.37 5.57 7.45 9.50 10.96 11.51 13.06 14.96 16.20 19.14 19.06 25.21
DM-10 3.04 4.96 7.04 8.72 10.07 10.32 10.76 11.14 13.10 14.40 14.77 15.00
DM-11 2.85 5.36 7.83 9.50 9.15 9.14 9.71 12.62 14.61 15.62 16.72 17.56
DM-12 2.48 3.43 4.84 6.17 7.32 8.25 9.05 10.12 11.34 11.77 12.36 13.18
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